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EXECUTIVE SUMMARY 

 

 

 Accurately predicting the fate and transport of chemical warfare agents in 

environmental scenarios requires a mechanistic understanding of the interaction with 

environmental surfaces. While sorption of contaminants to soil components, such as clays, is a 

major factor influencing fate and transport of commercial pesticides in soil environments, little 

data exists regarding the sorption of chemical warfare agents in these environments. In the 

current study, isothermal titration calorimetry was determined to be a useful technique for 

elucidating the sorption of VX to environmental substrates. This calorimetric technique is 

particularly useful when coupled with both kinetic profiling and equilibrium sorption isotherms. 

The current study is the first known study to examine the sorption of VX from dilute aqueous 

solution onto environmental sample matrices, in which thermodynamic and sorption parameters 

were measured and reported. 

 

 The sorption of VX to a natural clay at temperatures above the lower critical 

temperature of VX (~10 °C) was determined to occur rapidly (<15 min) as a physisorption type 

of process, consistent with an ion-exchange mechanism. The reaction of VX with clay is 

exothermic, as indicated by the negative enthalpy values. The enthalpy values measured at 25 °C 

in the current study (–12.6 to –8.44 kJ/mol) are consistent with literature values for cation 

exchange on clays. 

 

 The sorption of VX to a natural clay at temperatures below the lower critical 

temperature of VX (~10 °C) was bimodal, with both exothermic and endothermic heat flows. 

The initial interaction (Site 1) was determined to occur rapidly (<15 min) and to be a 

physisorption type of process consistent with an ion-exchange mechanism. The interaction of 

VX with Site 1 was exothermic, as indicated by the negative enthalpy values. The second 

interaction (Site 2) occurred once the Site 1 interaction was complete, and was endothermic, as 

indicated by the positive enthalpy values. The interaction of VX with Site 2 is thought to be a 

ligand-exchange mechanism via the phosphorus, but this has not been confirmed. The binding of 

VX to clay was found to be 3.5 times stronger when the sorption occurred below the lower 

critical temperature of VX.  

 

 The process of sorption of VX onto a natural montmorillonite clay was 

determined to preserve the VX, as demonstrated by quantitative recovery of VX from the clay 

after 8 days of storage at room temperature. In a reported study, an amine was found to be stable 

for at least 5 months when sorbed to a natural montmorillonite clay. In both the current study and 

the reported study, the reported stabilities should be considered lower limits because the 

experiments were terminated after 8 days or 5 months, respectively.  
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SORPTION OF VX TO CLAY MINERALS AND SOILS: 

THERMODYNAMIC AND KINETIC STUDIES 
 

 

 

1.  INTRODUCTION 

 

1.1  Background 

 

  Accurately predicting the fate and transport of the persistent chemical warfare 

agent (CWA) O-ethyl-S-[2-N,N-(diisopropylamino)ethyl] methylphosphonothioate (VX, 

Chemical Abstracts Service [CAS] no. 50782-69-9) in environmental scenarios requires a 

mechanistic understanding of the interaction of VX with environmental surfaces. Although 

sorption to soil components such as clays and organics is a major factor influencing fate and 

transport of pesticides in soil environments,
1–3

 little data exists regarding the sorption of VX in 

these environments. In a literature review, multiple studies were found that examined the fate of 

VX on concrete, asphalt, sand, and sorbents,
4–13

 but none of these studies were focused on 

sorptive behavior in an aqueous environment, as would be found in natural soil systems. The 

majority of these studies utilized nuclear magnetic resonance (NMR) techniques and were 

focused on VX degradation and reaction pathways. Two recent NMR studies did examine the 

interaction of VX with soil and soil components, but again, the emphasis was on VX degradation 

and reaction pathways,
14,15

 not on sorption processes. Two other studies examined the 

degradation of VX on various soils but used gas chromatographic (GC) and enzymatic protocols 

to determine the presence of VX and select degradation products.
16,17

 Again, the emphasis of 

these two GC-based studies was on VX degradation and reaction pathways and not on sorption 

processes. Only one study was found that specifically investigated VX sorption from dilute 

aqueous solution onto environmental surfaces, but only a limited amount of work had been 

performed, and no sorption model parameters, such as partition coefficients (K) or saturation 

capacities (Smax), were reported.
18,19

 An enhanced mechanistic understanding of how VX 

interacts with environmental surfaces is critical to the development of effective countermeasures, 

predictive modeling capabilities, and enhanced detection capability for illicit-use scenarios. 

Information from this study will increase understanding of the fundamental principles related to 

the sorption of VX with a variety of environmental surfaces. Increased understanding of the 

fundamental principles of sorption will benefit multiple Department of Defense (DoD)-funded 

efforts. Preliminary results from this effort were presented at the DoD-sponsored Chemical and 

Biological Defense Science and Technology Conferences held in 2010 and 2011.
20,21

  

 

 The thermodynamic characteristics and sorption isotherm factors measured during 

this study could be used in predictive models (fate, transport, hazard mitigation) to update source 

terms and potentially improve the models. In many cases, model source terms for the partition 

coefficients (K) related to sorption or partitioning processes are estimated using organic carbon 

partitioning coefficients (KOC), which can be measured, but are typically estimated using 

octanol–water partitioning coefficients (KOW).
22–24

 This estimation is based on the assumption 

that a soil’s organic carbon content is the only determinant of the sorption of a chemical from the 

water onto the soil. However, recent studies have concluded that the use of KOC values can lead 

to inaccurate estimates of sorption processes in soil systems.
25–27

 As examples, the System for 

Hazard Assessment of Released Chemicals and PEARL models, which use KOC and KOW values 
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to estimate partition coefficients, could possibly be improved by incorporating measured 

K values generated during this study.
28,29 

 
 

1.2  Study Objectives 
 

The primary objective of this study was to demonstrate the utility of isothermal 

titration calorimetry (ITC) as a tool for investigating the fate and transport of VX and other 

chemicals in soil environments. The intention was not to conduct an exhaustive investigation into 

the interaction, but to conduct a proof-of-concept study on the applicability of ITC as a tool to 

help elucidate sorption mechanisms. A secondary objective of this effort was to measure and 

report thermodynamic and kinetic characteristics that could be useful to the chemical defense 

research community. 
 

 

2. EXPERIMENTAL PROCEDURES 
 

2.1 Substrate Description  
 

 Three clay minerals were evaluated during this study: two montmorillonites and 

one kaolinite. Montmorillonite, a member of the smectite family, is a 2:1 clay, consisting of a 

single octahedral sheet between two tetrahedral sheets. Montmorillonites generally have high 

cation-exchange capacities (CECs) that range from 80 to 120 meq/100 g and a high shrink-swell 

capacity, depending on water content and exchangeable cation.
30

 The shrink-swell capability and 

high CEC capacity are due to permanent layer charges and are not significantly influenced by 

bulk solution pH.
30

 The shrinking and swelling of montmorillonite allows hydrated cations to 

exchange between the 2:1 layers. Kaolinite, a member of the kaolin family, is a 1:1 clay, 

consisting of a single silicon-containing tetrahedral sheet linked to a single aluminum-containing 

octahedral sheet via sharing of oxygen atoms. The 1:1 layers are held together through 

electrostatic bonding. Kaolinites generally have low CEC values that range from 1 to 10 

meq/100 g.
30

 The CEC of kaolinites is generally due to variable charges associated with the clay 

edges and is significantly influenced by the pH of the bulk solution.
30

 
 

 The first montmorillonite was a high-purity montmorillonite clay mined from 

bentonite deposits in Wyoming. This clay, identified as Suspengel
 
200, was purchased from 

Reade Advanced Materials (Providence, RI). Suspengel 200 was used in previous studies in 

which the fate of CWA was examined in a variety of sample matrices.
14,15,31

 The second 

montmorillonite was a highly processed clay that is commonly used as a catalyst in organic 

chemistry reactions.
32–34

 The exact procedure used to modify this clay is proprietary but consists 

of activating the clay with aqueous mineral acid.
32

 This second montmorillonite, identified as 

Aldrich K10, was purchased from Sigma-Aldrich (St. Louis, MO). The reagent-grade 

montmorillonite was included in the current study because it has been used in other agent fate 

studies.
14,15,18,19

 The kaolinite is a white-firing, plastic kaolinite mined from claystone deposits in 

Georgia. This clay, identified as no. 6 tile kaolin, was purchased from Kentucky-Tennessee Clay 

Company (now Imerys; Sandersville, GA). The kaolinite was used in previous studies that 

examined the fate of CWA in a variety of sample matrices.
14,15,31

 These clays were characterized 

using standard soil-analysis methodologies by an outside soil-analysis laboratory. The clay 

characteristics are summarized in Tables 1 and 2. 
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Table. 1.  Characteristics of Clay Substrates Used in This Study 

 

Parameter 
Substrate 

Aldrich K10 Suspengel 200 Kaolinite 

BET(N2) surface area (m
2
/g) 247.2 29.70 26.24 

Bulk water pH 3.50 8.85 5.12 

Bulk Adams-Evans (A-E) buffer pH
a
 5.21 8.25 7.77 

Exchangeable Ca
2+

 (meq/100 g)
b
 3.6 18.6 2.1 

Exchangeable Mg
2+

 (meq/100 g)
b
 3.1 7.2 1.2 

Exchangeable K
+
 (meq/100 g)

b
 0.27 1.31 0.10 

Exchangeable Na
+
 (meq/100 g)

b
 0.28 18.4 0.23 

Exchangeable acidity (meq/100 g) 9.87 ND 0.64 

Total CECA+B (meq/100 g)
c
 17.1 45.6 4.28 

Total carbon (wt%) 0.03 0.37 0.22 

Total hydrogen (wt%) 1.06 1.53 1.41 

Total nitrogen (wt%) 0.04 0.08 0.02 

Total sulfur (wt%) 0.28 0.45 0.32 
a
  A-E buffer; initial pH was 8.00. 

b
  Cation displaced from clay with pH 7.0 ammonium acetate buffer. 

c
  Sum of displaced cations and exchangeable acidity. 

Note: Analyses were conducted on substrates as received from the vendor. 

ND, non-detect 

 

 

  



 

4 

Table 2.  Composition of Clay Substrates as Determined by  

X-Ray Fluorescence and X-Ray Diffraction 

 

Type of Clay Total Elemental Composition (wt%)
a
 

Aldrich K10 

73.7% SiO2; 18.3% Al2O3; 3.39% Fe2O3; 2.17% MgO; 1.39% 

K2O; 0.485% TiO2; 0.188% CaO; 0.126% Na2O; 0.0741% 

ZrO2; 0.0371% SO3; 0.0370% P2O5; 0.0145% MnO 

XRD results are consistent with this material being a 

montmorillonite clay. Random basal spacing of 1.49 Å, with a 

glycolated spacing of 17.4 Å 

Suspengel 200 

65.3% SiO2; 23.4% Al2O3; 3.92% Fe2O3; 3.35% MgO; 0.450% 

K2O; 0.150% TiO2; 1.10% CaO; 1.75% Na2O; 0.0418% ZrO2; 

0.399% SO3; 0.0451% P2O5; 0.0311% MnO 

XRD results are consistent with this material being a 

montmorillonite clay. Random basal spacing of 1.49 Å, with a 

glycolated spacing of 17.2 Å  

Kaolinite 

51.8% SiO2; 45.9% Al2O3; 0.829% Fe2O3; 0.181% MgO; 

0.389% K2O; 0.434% TiO2; 0.109% CaO; 0.0210% Na2O; 

0.0238% ZrO2; 0.0254% SO3; 0.1920% P2O5; MnO (ND) 

XRD results are consistent with this material  

being a kaolinite clay  
a
  The oxide form was assumed, not determined. In all cases, the 12 reported oxides made up >99.9 wt% of the 

substrate. 

Note: Analyses were conducted on the substrates as received from vendors. Only the 12 most abundant 

elements are reported; results are reported in the oxide form typically present in soils. 

ND, non-detect; XRD, X-ray diffraction 

 

 

 In addition to the clay minerals described earlier in this section, three additional 

substrates were utilized during this study. A naturally derived garden soil amendment, identified 

as humus, was purchased from Frey Brothers (Quarryville, PA). Two natural soils, identified as 

MCL lot no. 968 and HCB lot no. 969, were collected in North Dakota and provided by Battelle 

Memorial Institute (Columbus, OH). The collection, preparation, and characterization of these 

three substrates has been previously described,
35,36

 and only select characteristics are 

summarized in this report. The humus was determined to have a bulk water pH of 7.2, moisture 

content of 45.0%, BETN2 surface area of 5.32 m
2
/g, organic matter content of 16.6%, total 

nitrogen content of 0.9%, and organic nitrogen content of 0.9%. The MCL soil was found to 

have a bulk water pH of 5.8, organic matter content of 5.5%, organic carbon content of 3.1%, 

BETN2 surface area of 45.31 m
2
/g, sand content of 33%, silt content of 30%, clay content of 

37%, CEC of 25.4 meq/100 g, and a dry fraction of 0.8554. The HCB soil was found to have a 

bulk water pH of 7.2, organic matter content of 7.2%, organic carbon content of 5.2%, BETN2 

surface area of 30.80 m
2
/g, sand content of 19%, silt content of 52%, clay content of 29%, CEC 

of 26.4 meq/100 g, and a dry fraction of 0.7650. The MCL soil was classified as a clay loam, and 

the HCB soil was classified as a silty clay loam. In both soils, the predominant clay minerals 

were, in decreasing order of abundance, kaolinite, illite, and smectite. 
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2.2 Titrant Description and Preparation  

 

 The neat VX used in this study, identified as VX-U-7330-CTF-N, was obtained 

from the Chemical Agent Standard Analytical Reference Material (CASARM) branch of the 

U.S. Army Edgewood Chemical Biological Center (ECBC). The VX was clear and colorless and 

was determined to have an average purity of 93.8 ± 0.4 wt% using established protocols.
37

 The 

VX contained 0.51 ± 0.04 wt% 2-(diisopropyl)aminoethanethiol (RSH; C8H19NS, CAS no. 

41480-75-5) and 0.56 ± 0.15 wt% S,S-bis-(2-diisopropylaminoethyl) methylphosphonodithioate 

(VX-bis; C17H39N2OPS2, CAS no. 16943-13-4). The bis(2-diisopropylaminoethyl) sulfide (RSR; 

C16H36N2S, CAS no. 110501-56-9) and bis(2-diisopropylaminoethyl) disulfide (RSSR; 

C16H36N2S2, CAS no. 65332-44-7) were synthesized in-house, and had average purities of 

89.3 ± 0.08 and 93.4 ± 1.00 wt%, respectively. The purities were determined using an 

established gas chromatography–thermal conductivity detector protocol.
38

 Also, the RSR 

contained 5.63 wt% of RSSR as an impurity, and the RSSR contained 0.284 wt% of RSR as an 

impurity. The ethyl methylphosphonic acid (EMPA; C3H9O3P, 98 wt%, CAS no. 1832-53-7) and 

methyl phosphonic acid (MPA; CH5O3P, 98 wt%, CAS no. 993-13-5) were purchased from 

Sigma-Aldrich (Milwaukee, WI) and were used as received. The RSH (98 wt%) was purchased 

from Cerilliant Corporation (Round Rock, TX) as the hydrochloride salt and was used as 

received. The chemical structures of the titrants are illustrated in Figure 1.  
 

 Individual solutions of each titrant were prepared gravimetrically by weighing out 

aliquots of neat titrant into a container and then adding a known volume of pH 4.3 buffer. The 

concentration varied with each titrant, but VX solutions were prepared at an initial concentration 

of ~8 mM and diluted as required. In all cases, the final pH of each titrant solution was 

determined to be 4.3. Titrant solutions were refrigerated (~4 °C) when not in use and were stored 

in 125 mL Nalgene polypropylene bottles. VX is very stable at pH 4.3, with a reported half-life 

of ~3 months for solutions with pH values between 4 and 5 and maintained at 25 °C.
39

 At 4 °C, 

the half-life of VX is considerably longer and estimated to be greater than 2 years.
39

 With the 

exception of RSH, the other titrants are extremely stable in aqueous environments, with the half-

life of EMPA in water estimated to be greater than 30 years.
40

  
  

 The use of cosolvents to prepare titrant solutions was avoided because the 

addition of cosolvents can have a significant impact on adsorption of chemicals to mineral 

surfaces. In a study examining the interaction of pinacolyl methylphosphonofluoridate (soman, 

GD; C7H16NO3P, CAS no. 96-64-0) with suspensions of portland cement, it was found that small 

amounts (1–2%) of 2-propanol added to the suspension significantly affected both sorption rate 

and isomeric fractionation.
41

 In another study, the addition of low molecular weight alcohols to 

aqueous suspensions of hematite significantly affected the ionic equilibria at the hematite–water 

interface, which significantly affected sorption processes.
42

 In a third study, the sorption of 

acetonitrile from water into a montmorillonite clay was found to significantly affect basal 

spacings, which influenced the sorptive process.
43

 In addition to perturbing sorption processes, 

the addition of cosolvents has been found to increase hydrolysis rates of phosphorus esters by 

lowering the enthalpy of activation.
44
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RSR RSSR 

 

Figure 1.  Chemical structures of titrants used in this study. 

  

P

O

OHO

CH3

O

P

S

N

O

CH3

HS

NP

O

OHHO

CH3

S

NN

S

N

S

N



 

7 

2.3 Reagents 
 

 All chemicals utilized in this study were typically of American Chemical Society 

(ACS) reagent grade and were used as received from the manufacturers. Sodium acetate 

(C2H3NaO2, CAS no. 127-09-3), sodium chloride (NaCl; 99+%, CAS no. 7647-14-5), sodium 

phosphate, dibasic (Na2HPO4, 99+%, CAS no. 7558-79-4), sodium carbonate (Na2CO3, CAS 

no. 497-19-8), sodium hydrogen carbonate (NaHCO3, CAS no. 144-55-8), acetic acid 

(CH3COOH, CAS no. C2H4O2), hydrochloric acid (HCl, 37% in water, CAS no. 7647-01-0), 

formic acid (CH2O2, 99+%, CAS no. 64-18-6), acetonitrile (C2H3N, CAS no. 75-05-8), isopropyl 

alcohol (C3H8O, CAS no. 67-63-0), and 2-(dibutylamino) ethanol (C10H23NO, 99%, CAS no. 

102-81-8) were obtained from Sigma-Aldrich (Milwaukee, WI). Sodium sulfate (Na2SO4, 

99.0+%, pesticide residue grade, 12–60 mesh) was purchased from J. T. Baker (Phillipsburg, 

NJ). The proprietary capillary electrophoresis (CE) buffer was purchased from Agilent 

Technologies (Santa Clara, CA). The ASTM Type I deionized water (DIW) was obtained from 

an in-house system (18 megohm·cm; Thermo Scientific Barnstead Nanopure, Dubuque, IA).   
 

 In addition to the substrates described in Section 2.1 of this report, 12 soil-related 

standard reference materials (SRMs) were obtained from the National Institute of Standards and 

Technology (NIST; Gaithersburg, MD). These SRMs were brick clay (SRM 679), flint clay 

(SRM 97b), plastic clay (SRM 98b), dolomitic limestone (SRM 88b), obsidian rock (SRM 278), 

basalt rock (SRM 688), estuarine sediment (SRM 1646a), Buffalo River sediment (SRM 8704), 

San Joaquin soil (SRM 2709), and three glass sands (SRM 165a, 81A, and 1413). A second 

catalyst-grade montmorillonite, KSF, was obtained from Sigma-Aldrich (Milwaukee, WI). In the 

screening sorption experiments, the NIST substrates were used as received from the vendor. The 

clays from Sigma-Aldrich had been converted to the homionic (Na
+
) form as part of another 

project,
45

 and all screening experiments were conducted with the homoionic form of the clay. 
 

2.4 Buffer Preparation  
 

 The buffer used in the ITC and sorption isotherm experiments was selected such 

that the VX would be stable in the bulk solution. In aqueous solutions with pH values ≤6, VX is 

reported to have a half-life of ~100 days at 25 °C.
39

 In addition to being stable under acidic 

conditions, with reported acid dissociation constant (pKa) values ranging from 8.60 to 9.78, VX 

is ~100% ionized when in acidic solution.
46,47

 The buffer used in the ITC and sorption isotherm 

experiments was a pH 4.3, 100 mM sodium acetate buffer adjusted to a total ionic strength of 

100 mM with NaCl. The buffer was prepared by dissolving 0.0689 mol of acetic acid, 0.031 mol 

of sodium acetate, and 0.1 mol of NaCl in 1000 mL of distilled DIW. The buffer was stirred for 

approximately 15 min before pH was checked; pH was consistently determined to be 4.3 after 

preparation. Solids were removed from the buffer  by vacuum-filtration through a 0.2 μm nylon 

filter and stored at 4 °C in amber glass bottles. 
 

 The buffer used to extract the samples for determination of semivolatiles was a 

pH 10, 500 mM carbonate/bicarbonate aqueous solution that had been used previously for the 

extraction of VX and VX-related products.
48,49

 The buffer was prepared by dissolving 500 mmol 

of sodium carbonate and 500 mmol of sodium hydrogen carbonate in 1 L of distilled DIW. The 

buffer was stirred for approximately 1 h, and solids were removed from the buffer by vacuum-

filtration through a 0.2 μm nylon filter. The buffer was stored at ambient temperature in amber 
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glass bottles. The initial pH of the buffer was checked, and the pH was also checked after mixing 

with the sample (pH 4.3 buffer) in the same proportions used during the extraction procedure 

(Section 2.7.1). The final pH of 10 was determined to be consistently maintained. 
 

2.5 Substrate Suspension Preparation 
 

 In a preliminary kinetic sorption profile experiment, the Suspengel 200 substrate 

was used as received from the vendor, and a suspension was prepared by adding the clay directly 

to the pH 4.3 buffer. In this preliminary experiment, the VX degraded, as evidenced by 

accumulation of EMPA in solution. The pH of the bulk solution was determined to be 7.4, 

suggesting that the EMPA accumulation was due to hydrolysis in the bulk solution and was not 

related to binding with the substrate. It has been reported in the literature that the presence of 

carbonate impurities in reference clays accelerates the hydrolysis of carbamate pesticides.
50

 A 

protocol was developed for removing the carbonate impurities from the reference clay.
51

 Once 

the carbonate impurities were removed from the clay, hydrolysis of the carbamate pesticide was 

no longer accelerated in the presence of the clay. 
 

 The clay substrates utilized in the current study were prepared by following the 

referenced protocol
51

 with one modification. In the original protocol, pH 5, 500 mM sodium 

acetate buffer was used to remove carbonate impurities. In the current study, pH 4.3, 100 mM 

sodium acetate buffer was used to remove the carbonate impurities. In a typical preparation, 

~1000 mg of clay substrate was added to a 40 mL vial containing a stir flea, and 30 mL of 

pH 4.3 buffer was added. The suspension was stirred at ambient temperature for 3–4 h, and the 

vial was spun in a low-speed centrifuge. The supernatant was removed, and 30 mL of fresh 

pH 4.3 buffer was added. The suspension was then allowed to stir overnight at ambient 

temperature, and the centrifugation/decanting cycle was repeated. A 30 mL aliquot of fresh 

pH 4.3 buffer was added, and the suspension was stirred at ambient temperature for 30 min, after 

which the centrifugation cycle was repeated. At this stage, the pH of the supernatant was 

determined. If the supernatant pH was 4.3, the purification process was considered complete. If 

the pH was not 4.3, the washing cycles were repeated until the supernatant pH was determined to 

be 4.3. Typically, no more than three wash cycles were required to achieve a pH 4.3 supernatant. 
 

 Once the clay suspensions were purified, the clay fraction was obtained using a 

gravity sedimentation protocol.
52

 The concentration of each clay suspension was determined by 

removing a representative 2 mL sample, transferring it to a tared glass vial, and placing the vial 

in a 50 °C drying oven for several days. Once dry, each vial was placed in a desiccator to cool. 

Once cool, the vials were weighed to obtain the dry weight of the clay/buffer salts. Concurrent 

controls of 2 mL, pH 4.3 buffer were also prepared and weighed to correct for the weight of the 

dried buffer salts. The clay suspensions were stored in amber glass jars at ~4 °C. 
 

 The humus suspension was prepared as described above for the clay substrates 

with one modification. After the first wash with pH 4.3 buffer, the suspension was passed 

through Teflon netting (Industrial Netting; Minneapolis, MN; part no. ET8120, aperture size 

0.635 × 0.127 mm) to remove the large debris (twigs, pebbles, etc.) associated with the original 

humus material. After removal of the larger debris, the humus material remained noticeably 

heterogeneous, as evidenced by the three-layered pellet obtained after centrifugation. One of the 

three layers appeared to consist of a clay mineral. 
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   The clay/humus suspension was prepared by mixing equal amounts (by weight) of 

the clay and humus substrates, then following the cleaning protocol as described above for the 

clay substrates with two modifications. After the first suspension in pH 4.3 buffer, the solids 

were allowed to equilibrate for 72 h instead of the 3–4 h equilibration used to prepare the clay 

suspensions. The second modification was that after the first wash with pH 4.3 buffer, the 

suspension was passed through Teflon netting to remove the large debris associated with the 

original humus material.  

 

2.6 ITC Technique 

 

2.6.1 Background 

 

 An established calorimetric technique, ITC, was used to directly determine the 

thermodynamic parameters of titrants interacting with substrates. The use of ITC provides 

sensitive, direct quantitative measurement of thermodynamic parameters as an interaction 

proceeds, as opposed to the collection of data at discrete points. This continuous data collection 

enables better elucidation of binding mechanisms, particularly when multiple binding 

mechanisms are occurring during the interaction. The thermodynamic foundations and principles 

of ITC have been extensively reviewed
53,54

 and are not included in this report. The majority of 

ITC papers have focused on medicinal chemistry applications,
55–57

 but researchers have recently 

been applying ITC to environmental studies.
58–61

 A literature search did not reveal any studies 

that used ITC to investigate the binding of chemical warfare agents in nonmedical applications. 

An overview of the ITC process is illustrated in Figure 2.  

 

 

  
 

Figure 2.  Overview of the ITC process. (Adapted from Frasca, 2009.
67

) 
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 The use of ITC allowed for direct measurement of the binding energetics and 

precise determination of the thermodynamics of the binding event. Thermodynamic parameters 

such as the observed enthalpy (ΔHobs), entropy change (ΔS), Gibbs free-energy change (ΔG), and 

equilibrium binding constant (Kb) were determined. The simplified governing equations used in 

this effort were as follows, where R is the universal gas constant (8.314472 J·K
–1

·mol
–1

) and T is 

the absolute temperature in kelvins
53,54

 

 

ΔG = –RT lnKb = ΔH – TΔS 

 

 Although Kb, and subsequently, the overall free energy change, can be determined 

using noncalorimetric techniques such as batch equilibrium sorption isotherms,
62,63

 ITC directly 

determines both Kb and ΔHobs. This allows for the determination of both the enthalpic and 

entropic contributions to the overall free energy change. An improved understanding of these 

different energetic contributions to the overall free energy change can provide a more detailed 

understanding of the binding event(s).  

 

 Using the isotherm approach at multiple temperatures, ΔH can be estimated using 

the following relationship, where R is the universal gas constant and T is the absolute 

temperature in kelvins
62,63

 

 

lnKb = –(ΔH/RT) + (ΔS/R) 

 

If a plot of lnKb versus 1/T is constructed, the slope of the linear regression line is –ΔH/R. 

Because ΔH is not always temperature-independent, this linearization approach can result in 

incorrect estimates of ΔH. Several studies have highlighted this issue and concluded that a 

calorimetric approach is superior for obtaining thermodynamic characteristics.
64–66

  

 

2.6.2  Equipment 

 

  All ITC experiments were conducted using a MicroCal VP-ITC microcalorimeter 

(MicroCal; Northampton, MA) with a sample cell volume of 1.4509 mL. The reference cell was 

filled with degassed DIW. In all cases, the samples were vacuum-degassed for at least 5 min 

before being loaded into the cell or syringe. In all experiments, the substrate suspension was 

loaded into the sample cell, and the titrant was loaded into a 250 µL syringe. In the typical ITC 

experiment, 5 µL aliquots of an 8 mM titrant solution were titrated sequentially into the substrate 

suspension. Each injection typically lasted 10 s with a delay of 300–600 s between injections. 

The suspension was stirred at 502 rpm, and a total of 40 to 50 injections were titrated into the 

substrate suspension. Commercially available binding models (Origin, version 7; MicroCal) were 

used to model the integrated data with the CECA+B as the “ligand” concentration. The titrations 

were performed under a variety of experimental conditions, such as different substrate 

concentrations and temperatures ranging from 278 to 318 K.  
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2.7  Target Analyte Determination 

 

2.7.1  Semivolatile Analytes 

 

  An Agilent model 6890 Plus GC with an Agilent 5975i mass-selective detector 

(GC/MSD)was used to determine select semivolatile analytes (VX, RSH, RSR, and RSSR) 

during this study. Helium was used as a carrier gas, at an average linear velocity of 42 cm/s, in 

pressure pulse mode. All experiments utilized a capillary column with a bonded phase of 5% 

phenylmethyl polysiloxane (30 m × 0.32 mm) with a 1 µm film thickness. A 4 mm single 

gooseneck deactivated liner, with no packing, was utilized. Instrumental parameters are 

summarized in Table 3. The linear external calibration range was established to be 0.1–100 mg/L 

for each analyte. 

 

 

Table 3.  GC Instrument Parameters 

 

  
INJECTION PARAMETERS 

  

Injection port: 270 °C Injection volume: 1.0 µL, pulsed splitless 

Injection pulse: 20 psi for 2 min Post injection dwell: 0.25 min 

Sample washes: 1 Purge flow: 50 mL/min at 2.50 min 

Sample pumps: 3 Solvent A washes: 1 

Solvent B washes: 1 Viscosity delay: 1 s 

Solvent A: 2-propanol Solvent B: methanol 

  

OVEN PARAMETERS 

  

Initial temperature: 50 °C  Initial time: 3.00 min 

Ramp: 12 °C/min to 220 °C and hold for 5 min, then 70 °C/min to 275 and hold for 5 min 

Equilibration delay: 2.0 min  

  

DETECTOR PARAMETERS 

  

Solvent delay: 6.5 min Scan range: 40 to 500 amu  

Acquisition mode: SIM/scan Dwell time: 100 ms 

MS source: 230 °C MS quads: 150 °C 

Transfer line: 280 °C SCAN threshold/sample rate: 50/2 

SIM acquisition ions for VX: 167, 224, and 252; used m/z 252 for quantitation 

SIM acquisition ions for RSH: 128, 146, and 161; qualitative only 

SIM acquisition ions for RSR: 127, 144, and 160; used m/z 144 for quantitation 

SIM acquisition ions for RSSR: 144, 160, and 193; used m/z 144 for quantitation 

 

SIM, selective ion monitoring; m/z, mass-to-charge ratio 
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 The chromatographic column selected for use in this project has been used 

extensively in other analytical methods and found to be rugged and reliable.
48,49,68,69

 The 

injection parameters, such as pressure pulse, post-injection dwell time, etc., were selected based 

on previous experience in our laboratory.
48,49,68,69

  

 

 Extraction vials were prepared by adding 2.0 mL of pH 10 buffer, ~1 g KCl, and 

2.0 mL of extraction solvent (1:1, v/v, trimethylpentane/methylene chloride) to a 7 mL glass vial. 

The threads of the vial were wrapped with Teflon tape to prevent leaks, and the cap had a 

Teflon-faced silicone liner. The extraction vials were prepared in advance and stored at ~4 °C for 

at least 12 h prior to use. The extraction was started by adding 0.5 mL of sample solution 

(filtered or unfiltered) to the vial and vortexing it for ~30 s. The layers were allowed to separate, 

and the vortex step was repeated for a total of three cycles. Once the layers separated, an aliquot 

of the organic (upper) layer was transferred to a clean vial containing ~100 mg of Na2SO4, and 

the vial was swirled. If the Na2SO4 was still clumping, additional Na2SO4 was added until the 

extract was dry. Once it was dried (as evidenced by free-flowing Na2SO4), 1000 µL of the dried 

extract was transferred to a deactivated amber GC vial, and 100 µL of modifier solution was 

added. The vial was closed with a crimp-top seal and stored at –20 °C until it was analyzed. In 

this extraction process, the sample was either whole substrate suspension or the recovered filtrate 

after pressure filtration of the suspension through a 0.2 µm nylon Acrodisc filter. 

 

 The term “matrix-induced chromatographic response enhancement” was coined in 

the early 1990s to describe a phenomenon whereby the instrument response per unit amount of 

analyte is significantly different in a sample extract than in a pure solvent.
70,71

 This phenomenon 

has previously been documented to occur during the determination of residual VX,
48,49

 and the 

approach of matrix-matching samples and standards was used to normalize the response 

differences in the current study. A modifier solution consisting of 10,000 mg/L 

dibutylaminoethanol in 2-propanol was used to matrix-match standards and sample extracts 

during this study.  

 

 Spike recovery data were generated by spiking a mixture of VX, RSR, and RSSR 

into pH 4.3 buffer and applying the sample preparation and analysis protocols described in the 

previous paragraphs. Multiple replicates (n = 7) were independently prepared and analyzed at a 

single spike level of 100 g/L in the pH 4.3 buffer. In addition to the spiked samples, seven 

unspiked samples were also prepared and analyzed. In all cases, no VX, RSR, or RSSR was 

detected in any of the unspiked samples. The average spike recoveries and sample standard 

deviations (±SSDs) were 92.3 ± 4.56, 89.1 ± 6.28, and 85.4 ± 5.89 for VX, RSR, and RSSR, 

respectively. Overall detection limits were estimated by using the average signal-to-noise ratio 

and extrapolating back to the sample concentration that would yield a signal-to-noise ratio of 3. 

The overall detection limits were estimated to be 48, 34, and 27 µg/L for VX, RSR, and RSSR, 

respectively. The spike recovery data indicate the analytical method was under control and 

suitable for quantitative analysis of VX, RSR, and RSSR in the pH 4.3 buffer. The method will 

detect RSH, but quantitation was not attempted because RSH readily oxidizes to RSSR.
40,72
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2.7.2  Nonvolatile Analytes 

 

 An Agilent model 1100 liquid chromatograph (LC) with an Agilent model 

G1946D mass spectrometer (MS) was used to determine select nonvolatile analytes (MPA, 

EMPA, and EA 2192) during this study. All experiments utilized a 100 × 2.1 mm Hypercarb 

column (part no. 35005-102130; Thermo-Scientific; Bellefonte, PA) with 5 µm particle size 

packing. Incorporating the use of a Hypercarb column allowed the chromatographic resolution of 

VX and EA 2192. The use of a Hypercarb column to achieve chromatographic resolution of VX 

and EA 2192 was also recently reported in the open literature.
73

 A 10 × 2.1 mm Hypercarb guard 

column was used prior to the analytical column. Instrumental parameters are summarized in 

Table 4. A novel feature of this method was the incorporation of isotopically labeled MPA and 

EMPA as internal standards. The working calibration range was established to be  

0.005–0.500 mg/L for each targeted analyte. 

 

 

Table 4.  LC/MS Instrument Parameters 

 

  
INJECTION PARAMETERS 

  

Injection mode: standard Injection volume: 25.0 µL 

Draw speed: 100 µL/min Eject speed: 100 µL/min 

Draw position: 0.0 mm Stop time: As pump 

Post time: off  

  

FLOW PARAMETERS 

  

Column flow: 0.350 mL/min  Column temperature: 35 °C 

Stop time: 25.0 min Post time: 7.00 min 

Mobile phase A: 98% water, 2% acetonitrile, 0.1% formic acid  

Mobile phase B; 99.9% acetonitrile, 0.1% formic acid 

Gradient: 0.00 min, 0% B; 4.5 min, 0% B; 5.50 min, 5.0% B; 10.0 min, 5.0% B; 16.0 min, 

55.0% B; 17.0 min, 100% B; 19.0 min, 100% B; 20.0 min, 0% B. NOTE: flow changed to 

0.50 mL/min at 17.0 min 

  

DETECTOR PARAMETERS 

  

Ionization mode: API-Electrospray Polarity: positive  

Acquisition mode: SIM Fragmenter: 60 V 

Gas temperature: 300 °C Drying gas: 3.0 L/min 

Nebulizer pressure: 50 psig Capillary voltage: 4000 V 

Dry gas flow: 9 L/min  

SIM acquisition ions: 97, 100, 210, 125, 130, 240, 268, and 273  

 

SIM, selective ion monitoring 
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 The LC/MS method selected for use in this project has been used in other  

VX-related projects, and method details have been previously reported.
74,75

 The analytes are 

determined directly, without derivatization or extraction. Samples were pressure-filtered through 

a 0.2 µm nylon Acrodisc filter, and the filtrate was diluted 1:1 with mobile-phase A prior to 

analysis. 
 

 An Agilent model 3D CE system (Agilent Technologies; Wilmington, DE) with 

an ultraviolet (deuterium lamp) diode array detector was used to determine select nonvolatile 

analytes (MPA, EMPA, and phosphate) during this study. The separation capillary was a piece of 

bare-fused silica with an external polyimide coating that was removed at the optical window. 

Two capillaries, each of different dimensions, were used for three distinct methods. The capillary 

dimensions were 64.5 cm (total length) × 50 µm i.d. for a capillary zone electrophoresis method 

with indirect ultraviolet detection. A proprietary Agilent buffer (part no. D-76337) was used for 

all analyses in this study.  
 

 The CE method selected for use in this project has been used extensively in other 

CWA-related projects, and method details have been previously reported.
76–78

 The analytes were 

determined directly without derivatization or extraction. Samples were pressure-filtered through 

a 0.2 µm nylon Acrodisc filter, and the filtrate was diluted with CE mobile phase prior to 

analysis. 
 

2.8 Batch Equilibrium Sorption Isotherms 
 

 Batch equilibrium sorption isotherms have been used extensively to evaluate 

binding of non-CWA chemicals to environmental matrices.
79–81

 This approach was used to study 

the binding of CWA degradation products to soils,
82

 but only one study was found in which this 

sorption isotherm approach was used to evaluate VX binding to soil and soil components.
18,19

 

This isotherm approach was also used extensively in U.S. Environmental Protection Agency 

studies.
83,84

 The theoretical basis of batch equilibrium sorption isotherms has been extensively 

reviewed and is not included in this report.
83,84 

The data generated in the current study was 

evaluated using nonlinear sorption isotherm models developed at the U.S. Department of 

Agriculture.
85–87

  
 

 In the current study, the batch equilibrium sorption isotherms were constructed 

using a variable substrate-to-solution (STS) ratio protocol.
83

 In this protocol, the buffer solution 

has a constant solute concentration, and the mass of substrate is varied. This results in variable 

STS ratios in the isotherm profile. This approach generates environmentally conservative 

estimates of sorption and accounts for the effects of competition and other parallel processes.
83

 

Although the variable STS ratio protocol accounts for these effects, it does not elucidate the 

exact nature of these other processes. Data from the range-finding ITC runs (Section 3.1.1) were 

used to establish saturation levels, which allowed appropriate STS ratios to be quickly chosen for 

use in the sorption isotherm experiments. 
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2.9  Settling Rate Determination 
 

  A Varian (Agilent Technologies) Cary 300 Bio UV-visible spectrophotometer 

with temperature controller and multicell cuvette holder was used to determine the turbidity of 

select substrate suspensions during this study. All experiments were conducted in 4.5 mL, 

10 mm path length, disposable polystyrene cuvettes at a temperature of 298 K. A 5 × 2 mm 

Teflon-coated stir flea was used to mix the substrate suspensions. Data was acquired in 

absorbance mode, at a 500 nm wavelength. In all cases, sample data acquisition was referenced 

against pH 4.3 buffer. This approach to determining turbidity has been reported in the 

literature.
88,89

  
 

 In a typical experiment, 3 mL of vacuum-degassed substrate suspension was 

placed in the cuvette, and the cuvette was placed into the instrument to equilibrate to 298 K 

while being stirred. Once equilibrated to temperature, baseline absorbance was collected for 

5 min. An aliquot of 8 mM VX titrant solution that had been preequilibrated to 298 K was then 

added, and the absorbance was monitored for an additional 10 min. Ten minutes after the VX 

titrant was added, stirring was turned off, and the absorbance was monitored until the absorbance 

values reached a steady value. The settling rate was taken as the slope of absorbance versus time 

once the stirring was terminated. 
 

 

3. RESULTS AND DISCUSSION 
 

3.1 ITC Results 
 

 During the current study, two quality-control (QC) checks were periodically 

performed to establish that the ITC was performing correctly. These checks were standard 

protocols that were recommended by the instrument manufacturer.
90,91

 The first QC check was 

performing water-into-water titrations to determine whether the ITC was operating at optimal 

performance. In these water-into-water QC checks, 10 µL of DIW was injected into the sample 

cell, which had been filled with DIW. The DIW had been thoroughly vacuum-degassed, and all 

experiments were conducted at 303 K. There was no established performance standard for the 

water-into-water QC check, but each heat-pulse was typically less than 0.02 µcal/s. In the current 

study, periodic water-into-water QC checks were performed to provide insight into when 

components (syringe, cell, etc.) required cleaning. The second QC check involved the titration of 

1.0 M calcium chloride into 0.1 M ethylenediaminetetraacetic acid (EDTA). Each solution was 

commercially prepared in 10 mM of pH 6.0 MES (2-(N-morpholino)ethanesulfonic acid) buffer 

and supplied as a kit by the instrument manufacturer. Each kit included lot-specific reference 

values for the thermodynamic characteristics, such as Kb and ΔH. The results obtained for all 

reference values for QC checks during the current study were within the acceptance criteria 

provided by the instrument manufacturer.
91

 
 

3.1.1 Range-Finding Runs 
 

 An initial series of ITC runs was conducted at 298 K to establish whether any 

significant heat flows could be detected when various titrants (VX, EMPA, MPA, RSH, and 

phosphate) interacted with the three clay substrates. All clay substrate suspensions were prepared 

in pH 4.3 buffer with concentrations of 6200 mg/L Suspengel 200, 6600 mg/L Aldrich K10, and 
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6300 mg/L kaolinite. These substrate concentrations corresponded to initial STS ratios ranging 

from 1:161 to 1:152. The STS ratios changed during the course of the titration, with the final 

STS ratios ranging from 1:189 to 1:178. In addition to the runs with substrate, parallel blank runs 

were obtained by adding titrant solution into pH 4.3 buffer under conditions identical to those 

used during the runs conducted with substrate. Attempts to use RSH as a titrant were 

unsuccessful, due to apparent oxidation of the RSH to RSSR during the course of the titration. 

This oxidation was confirmed by analysis of select samples by the GC/MSD method described in 

Section 2.7.1.  
 

 Attempts to use RSR and RSSR as titrants were unsuccessful because of solubility 

issues. The aqueous solubilities of RSR and RSSR are low, being 1.2 and 9.5 mg/L, 

respectively.
40

 In the runs with RSR and RSSR, the heat flows generated during each injection 

cycle were too low for the ITC to reliably detect. Thermograms in which VX, MPA, and EMPA 

were used as titrants are illustrated in Figures 3–5. The VX generated a significant heat signal 

when interacting with both the Suspengel 200 and Aldrich K10 substrates, but only a trace 

amount of heat was detected when VX interacted with the kaolinite. The lack of heat generation 

during interaction with kaolinite might have been due to the low CECA+B of kaolinite 

(4.28 meq/100 g) versus the CECA+B of the two montmorillonites (45.57 and 17.12 meq/100 g), 

neutralization of variable edge charges in the kaolinite at this pH,
30

 a near-zero constant pressure 

heat capacity change due to binding (ΔCp), or a combination of these three factors. There was no 

detectable interaction when EMPA was titrated into any of the substrate suspensions, although 

small heat flows were detected when MPA was titrated into the substrate suspensions. The trace-

level heat flows detected during the MPA titrations are thought to have been due to phosphate, 

which was present as an impurity (~85 mg/L) in the MPA solution. Based on these range-finding 

runs and the kinetic profiles described in Section 3.2.1, it was decided to focus the current study 

on the two montmorillonite substrates, Suspengel 200 and Aldrich K10. 
 

 In the course of these initial range-finding ITC runs, differences in behavior 

between the two montmorillonites were noted. Most notably, when VX was titrated into 

Suspengel 200 to the point of near or total saturation, flocculation of the clay was observed when 

the sample was removed from the ITC sample cell. Flocculation of the clay was not observed 

when VX interacted with the Aldrich K10 substrate. Furthermore, the thermograms generated 

during the titration of the Suspengel 200 substrate were characterized by additional exothermic 

peaks that occurred at or near the saturation point but were not always associated with an 

individual titration point. These exotherms were significant in both magnitude and number and 

were assumed to be associated with the flocculation event. In contrast, this exothermic event was 

not observed when VX was titrated into the Aldrich K10 substrate. This difference is illustrated 

in Figure 6. In the titrations of Suspengel 200 with VX, the flocculation appeared to coincide 

with saturation of the substrate with VX, being in the range of 10–12 wt% VX. A titration of 

Suspengel 200 with VX was performed outside the ITC and was video-recorded. Select stills 

were extracted from the video and are illustrated in Figure 7. Scanning electron microscope 

(SEM) micrographs were obtained of substrate suspensions with and without the addition of 

RSH and are shown in Figure 8. As with the VX, titration with RSH also led to flocculation of 

the Suspengel 200 but not the Aldrich K10. The use of RSH was required because the samples 

were sent to a non-agent laboratory to obtain the SEM micrographs. These photographs clearly 

illustrate the changes in physical appearance and size that occurred when the clay interacted with 

VX and RSH. 
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Figure 3.  Thermograms generated from the titration of VX into three clay substrates. All 

reactions were conducted at 298 K using 4 mM VX. Top: 6200 mg/L Suspengel 200;  

middle: 6600 mg/L Aldrich K10; bottom: 6,300 mg/L kaolinite (inset: close-up view).  
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Figure 4.  Thermograms generated from the titration of MPA into three clay substrates. All 

reactions were conducted at 298 K using 8 mM MPA. A: MPA into buffer blank; B: 6200 mg/L 

Suspengel 200; C: 6600 mg/L Aldrich K10; and D: 6300 mg/L kaolinite. The heat flows detected 

during these titrations were thought to be due to phosphate impurity in the MPA. 
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Figure 5.  Thermograms generated from the titration of EMPA into three clay substrates. All 

reactions were conducted at 298 K using 8 mM EMPA. A: EMPA into buffer blank;  

B: 6200 mg/L Suspengel 200; C: 6600 mg/L Aldrich K10, and D: 6300 mg/L kaolinite. 
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Figure 6.  Flocculation event. Thermograms generated from the titration of 8 mM VX into 

6200 mg/L Suspengel 200 (top) and 6600 mg/L Aldrich K10 (bottom).  

All reactions were conducted at 298 K. 

  



 

21 

 

 
 

 

a.  No VX added; being stirred. b.  ~5 wt% VX added; being stirred. 

 

 

 

 

c.  ~12 wt% VX added; being stirred. d.  ~12 wt% VX added; stirring stopped. 

 

Figure 7.  Flocculation of Suspengel 200 by VX. The titration was conducted in a glass vial at 

ambient (~295 K) temperature. 
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Suspengel 200, no RSH added.  Suspengel 200, saturated with RSH. 

  

Aldrich K10, no RSH added. Aldrich K10, saturated with RSH. 

 

Figure 8.  SEMs of clay substrates. RSH was used to saturate each substrate. Micrographs were 

obtained by drying the substrates onto glass slides. Magnification, ×5000; white bar, 5 µm scale.  
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 A second series of ITC runs was conducted at 298 K, with substrate 

concentrations ranging from 350 to 6570 mg/L in pH 4.3 buffer. These concentrations 

corresponded to initial STS ratios ranging from 1:2860 to 1:152. The STS ratios changed during 

the course of the titration, and the final STS ratios ranged from 1:3350 to 1:178. In most cases, 

the substrate was Suspengel 200, but one run using Aldrich K10 was also performed. In all cases, 

the titrant was 8 mM VX in pH 4.3 buffer. In addition to the runs with substrate, parallel blank 

runs were conducted by adding VX titrant solution into pH 4.3 buffer under conditions identical 

to those used during the runs conducted with substrate. Example raw thermograms are provided 

in Figure 9. Runs in which the substrate concentration was greater than 1400 mg/L (initial STS 

ratio of 1:714) did not achieve heat equilibration, and the data was not modeled to obtain 

thermodynamic characteristics. A one-site binding model was used to reduce the data, with the 

acidic and basic cation-exchange capacity (CECA+B, Table 1) for each substrate used to model 

the heat data. The blank run was subtracted from the substrate run before the raw data was 

modeled. Examples of the modeled data are illustrated in Figures 10 and 11. 

 

 The thermodynamic characteristics of these runs are summarized in Table 5. 

When viewed as a function of substrate concentration, no significant correlation of 

thermodynamic parameters with substrate concentrations was found. In fact, under the conditions 

of this experiment, the thermodynamic data obtained for the Aldrich K10 substrate was not 

significantly different from the data obtained using the Suspengel 200 substrate. These results are 

illustrated in Figure 12. Using the regression function in Microsoft Excel, the Student’s t 

statistics were determined for the slopes of the linear regression lines. The critical value (t0.05/2,5) 

of the Student’s t statistic was 2.57, and in all cases, the critical value was not exceeded. This 

demonstrates that the slopes of the regression lines were not significantly different (P = 0.05) 

from zero. The average (±SSD) thermodynamic characteristics across all substrate 

concentrations were determined to be: ΔHobs = –10.2 ± 1.66; –TΔS = –15.4 ± 3.73; and  

ΔG = –25.5 ± 2.23 kJ/mol. The interaction of VX with these clay substrates was exothermic, as 

indicated by the negative ΔHobs values. The negative ΔHobs, negative ΔG, and positive ΔS values 

indicate that the interaction was spontaneous, favored, and enthalpically driven. The ΔHobs 

values determined in the current study are in good agreement with literature values for cation-

exchange reactions at 298 K, which ranged from –20.3 to –4.10 kJ/mol for the exchange of 

monovalent cations (Cs
+
, K

+
, and NH4

+
) onto homoionic (Na

+
) montmorillonite and kaolinite 

clays.
92,93

 It is unknown if the interaction of VX with these clay substrates is truly an ion-

exchange mechanism because the bulk solution was not analyzed for accumulation of counter 

ions such as Ca
2+

 or Mg
2+

. The average (±SSD) Kb for Suspengel 200 in the current experiment 

was determined to be 2.11E4  ± 5.645E3 M
-1

, which equates to an equilibrium dissociation 

constant (Kd) of 5.10E-5 ± 1.68E-6 M. The average Kb for Aldrich K10 in the current study was 

determined to be 5.73E4 M
-1

, which equates to a Kd of 1.74E-5 M. The Smax values were 

estimated by visually determining the injection at which thermal equilibration was achieved, then 

calculating the mass of VX titrated into the cell. The average (±SSD) Smax for Suspengel 200 was 

171,000 ± 26,800 mg/kg, and the Smax for Aldrich K10 was estimated to be 45,400 mg/kg. 
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Figure 9.  Thermograms generated from titration of VX into varying concentrations of 

Suspengel 200. All reactions conducted at 298 K using 8 mM VX. A: VX into buffer blank; 

B: 350 mg/L; C: 700 mg/L; D: 1050 mg/L; and E: 1400 mg/L. Note the scale change between  

the blank and samples. 

 

 

 

 



 

25 

0 1 2 3

-2.5

-2.0

-1.5

-1.0

-0.5

0.0

Model: OneSites

Chi^2/DoF = 4451

N 0.726 ±0.0169 Sites

K 1.20E4 ±1.27E3 M
-1

H -2474 ±77.96 cal/mol

S 10.4 cal/mol/deg

 

K
C

al
/M

ol
e 

of
 V

X

0 60 120 180 240 300

-4.00

-3.00

-2.00

-1.00

0.00

1.00

Ratio of VX to CEC (mmol VX/meq)

Time (min)

µ
ca

l/
se

c

 
 

Figure 10.  Titration of VX into Suspengel
 
200 at 298 K. Substrate concentration was 1470 mg/L 

and VX concentration was 8 mM. Top: raw data; bottom: modeled data. Raw data was reduced 

using a one-site binding model. Open symbols represent data points that were intentionally 

omitted from the model. 
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Figure 11.  Titration of VX into Aldrich K10 at 298 K. Substrate concentration was 1240 mg/L, 

and VX concentration was 8 mM. Top: raw data; bottom: modeled data. Raw data was reduced 

using a one-site binding model. 
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Table 5.  Thermodynamic Characteristics for the Binding of VX with Clay Substrates 

 

Substrate 

Concentration 

(mg/L) 

Thermodynamic Characteristic 

Saturation 

Capacity 

(mg/kg) 

Kb 

(M
–1

) 

ΔHobs 

(kJ/mol) 

–TΔS 

(kJ/mol) 

ΔG 

(kJ/mol) 

368
a
 161,000 2.97E4 –10.5 –15.7 –26.2 

350
a
 204,000 2.07E4 –8.44 –20.2 –28.7 

350
a
 188,000 2.24E4 –10.4 –16.0 –26.4 

736
a
 131,000 2.03E4 –11.2 –13.3 –24.6 

1100
a
 188,000 2.14E4  –12.6 –9.72 –22.3 

1470
a
 156,000 1.20E4 –10.4 –13.0 –23.3 

1240
b
 45,400

c
 5.73E4

c
 –7.63 –19.6 –27.1 

Mean 171,000 2.11E4 –10.2 –15.4 –25.5 

SSD 26,800 5.645E3 1.66 3.73 2.23 
a
  Suspengel 200 substrate in pH 4.3 buffer. 

b
  Aldrich K10 substrate in pH 4.3 buffer. 

c
  Not included in calculation of mean value. 

Note: All reactions were conducted at 298 K and used 8 mM VX solution as the titrant. The raw data was reduced 

using a one-site binding model. 

 

 

 
 

Figure 12.  Thermodynamic profile as a function of clay concentration. Suspengel 200 (open 

symbols) and Aldrich K10 (filled symbols) data are shown. Reactions were conducted at 298 K. 

In all cases, the slopes of the linear regression lines were not significantly  

(P = 0.05) different from zero. 
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 A third series of ITC runs was conducted at 278, 288, 298, and 318 K to establish 

whether any heat flow could be detected when phosphate interacted with suspensions of three 

clay substrates. The substrate concentrations were 6200 mg/L Suspengel 200, 6600 mg/L Aldrich 

K10, and 6300 mg/L kaolinite. All substrate suspensions were prepared in pH 4.3 buffer. These 

substrate concentrations correspond to initial STS ratios ranging from 1:161 to 1:152. The STS 

ratios change during the course of the titration, with the final STS ratios ranging from 1:189 to 

1:178. In addition to the runs with substrate, parallel blank runs were obtained by adding titrant 

solution into pH 4.3 buffer under conditions identical to those used during the runs conducted 

with substrate. The thermograms are illustrated in Figure 13. The phosphate interacted with all 

three substrates with a predominant net endothermic reaction. The runs conducted at 278 and 

288 K did not achieve saturation, but runs conducted at 298 and 318 K did reach saturation. 

Because phosphate is not a cation, the CECA+B could not be used to model the heat data. 

However, using the heat flow from the first injection, ΔHobs was estimated for each clay 

substrate. The ΔHobs values were estimated to be +3.1, +1.8, and +3.0 kJ/mol for Suspengel 200, 

kaolinite, and Aldrich K10, respectively. In a recent study, ΔHobs values were estimated to range 

from –0.5 to –0.7 kJ/mol when phosphate interacted with kaolinite in pH 4.3 buffer at 298 K.
58

 

Although the magnitudes of the ΔHobs values from both studies were reasonably close, the 

interaction was net endothermic in the current study but net exothermic in the reported study. 

The reason for this discrepancy is unknown but might be due to differences in the kaolinite used 

in each study. 

 

 A fourth series of ITC runs was conducted at 298 K to establish whether any heat 

flow could be detected when VX was titrated into suspensions of two natural soil substrates. The 

dry-weight substrate concentrations were 7710 mg/L HCB soil and 8920 mg/L MCL soil. All 

substrate suspensions were prepared in pH 4.3 buffer, and the final pH was measured to verify it 

remained at 4.3. These substrate concentrations corresponded to initial STS ratios ranging from 

1:99 to 1:96. The STS ratios changed during the course of the titration, and the final STS ratios 

ranged from 1:116 to 1:113. In addition to the runs with substrate, parallel blank runs were 

obtained by adding titrant solution into pH 4.3 buffer under conditions identical to those used 

during the runs conducted with substrate. The VX interacted with both soil substrates with a 

predominant net exothermic reaction during most of the titration. Toward the end of each 

titration, the net reaction became endothermic, especially in the reaction with MCL soil 

substrate. These titrations did not appear to go completely to saturation. The raw thermograms 

and modeled data are illustrated in Figures 14 and 15. The thermodynamic characteristics for the 

HCB soil were determined to be as follows: ΔHobs = –2.47 kJ/mol, –TΔS = –23.7 kJ/mol, and 

ΔG = –26.2 kJ/mol. The thermodynamic characteristics for the MCL soil were determined to be 

ΔHobs  = –2.80 kJ/mol, –TΔS = –24.7 kJ/mol, and ΔG = –27.5 kJ/mol. The initial interaction of 

VX with these soil substrates was net exothermic, as indicated by the negative ΔHobs values. The 

negative ΔHobs, negative ΔG, and positive ΔS values indicate that the interaction was 

spontaneous, favored, and enthalpically driven. The average Kb for both soils was 5.33E4 M
–1

, 

which equates to a Kd of 1.88E-5 M. It should be noted that the curves generated by the one-site 

model did not yield a good fit to the actual data for either of the two soil substrates. 
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Figure 13.  Thermograms generated from titration of phosphate into three clay substrates. All 

reactions were conducted at 298 K using 8 mM phosphate. Top: 6200 mg/L Suspengel 200; 

middle: 6300 mg/L kaolinite; and bottom: 6600 mg/L Aldrich K10. 
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Figure 14.  Titration of VX into HCB soil at 298 K. The dry-weight substrate concentration was 

7710 mg/L, and the VX concentration was 8 mM. Top: raw data; bottom: modeled data. Raw 

data was reduced using a one-site binding model. Note the poor fit of the model, which was due 

to multiple processes occurring during the interaction. 
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Figure 15.  Titration of VX into MCL soil at 298 K. Dry-weight substrate concentration was 

8920 mg/L, and VX concentration was 8 mM. Top: raw data; bottom: modeled data. Raw data 

was reduced using a one-site binding model. Note the poor fit of the model, which was due to 

multiple processes occurring during the interaction. 
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3.1.2 VX Reactions Under Saturating Conditions 

 

 A series of ITC runs was conducted at temperatures ranging from 278 to 318 K to 

establish thermodynamic profiles for the sorption of VX with suspensions of Suspengel
 
200 and 

Aldrich K10 substrates. In all cases, the titrant was 8 mM VX in pH 4.3 buffer. The substrate 

concentrations were 1000 mg/L Suspengel 200 and 2880 mg/L Aldrich K10, with both substrates 

in pH 4.3 buffer. These substrate concentrations corresponded to initial STS ratios of 1:1000 and 

1:347 for Suspengel 200 and Aldrich K10, respectively. The STS ratios changed during the 

course of the titration as titrant was added, and the final STS ratios were 1:1170 and 1:407. The 

substrate concentrations were chosen such that the total CEC (CECA+B, Table 1) in the ITC 

sample cell would be nominally the same for each substrate. In both cases, the total exchange 

capacity in the ITC sample cell was ~7E-4 meq. In addition to the runs with substrate, parallel 

blank runs were conducted by adding 8 mM VX titrant solution into pH 4.3 buffer under 

conditions identical to those used during the runs conducted with substrate.  

 

 At the lower temperatures for the Suspengel 200 runs, specifically in the range of 

278 to 285.5 K, the concurrent presence of both exothermic and endothermic peaks was observed 

in the thermogram. It should be noted that this bimodal behavior was only apparent when the 

reactions were conducted at or below the lower consolute temperature (LCT) of VX, which is 

282.6 K (~10 °C, or ~50 °F) in pure water.
47

 It has been reported the LCT can shift by up to 

several degrees, depending on the type and amount of added salts.
94

 The specific titration with 

which this bimodal behavior commenced, as well as the number of titrations for which it 

continued, varied proportionally with reaction temperature. Retardation of the onset of the 

endothermic peaks as well as reduction in the magnitude of the endothermic response were 

observed to increase with increasing temperature. Once the reaction temperature reached 303 K, 

there was no longer any evidence of an endothermic process in the thermogram. Although the 

titrations of VX into the Aldrich K10 produced solely endothermic peaks at the lower 

temperatures, heat flow was monomodal. The bimodal behavior was not observed when VX was 

titrated into the Aldrich K10 suspension. Thermograms exhibiting the bimodal and monomodal 

behavior are illustrated in Figure 16. 

 

 The raw data from the Suspengel 200 runs conducted between 278 and 283 K 

were modeled using a two-site binding model, whereas the raw data from Suspengel 200 runs 

conducted between 285 and 318 K were modeled using a one-site binding model. In both cases, 

CECA+B was used as the model parameter. Attempts were made to model the raw data from the 

Aldrich K10 runs using a variety of models; however, the curves produced were poor fits to the 

data and generated large errors associated with the thermodynamic parameters. For this reason, 

complete thermodynamic characteristics for the Aldrich K10 are not reported. Although it is 

beyond the scope of this report to determine why the raw data from the Aldrich K10 runs could 

not be successfully modeled, one hypothesis is that the titrant concentration was too high relative 

to the amount of substrate. This is somewhat surprising, given that the total exchange capacity in 

the cell for each clay was approximately the same. The Aldrich K10 substrate became saturated 

within a few titrations, leaving too few data points for successful application of a modeling 

routine. 
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 The thermodynamic characteristics for the Suspengel 200 runs reduced by the 

two-site model are summarized in Table 6. An example plot of the raw data as well as a plot of 

the integrated data after reduction by the two-site model are illustrated in Figure 17. The 

thermodynamic profiles are illustrated in Figure 18. Using the regression function in Microsoft 

Excel, the Student’s t statistics were determined for the slopes of the linear regression lines for 

each of the thermodynamic parameters. In all cases, the critical value (t0.05/2,2) of the Student’s 

t statistic was 4.30, and the critical value was not exceeded. This demonstrates that the slopes of 

the regression lines are not significantly different (P = 0.05) from zero. The average (±SSD) 

ΔHobs for binding Site 1 was –92.9 ± 43.84 kJ/mol, while it was 260 ± 66.4 kJ/mol for binding 

Site 2. The average (±SSD) –TΔS for binding Site 1 was 66.2 ± 43.72 kJ/mol, while it was 

–286 ± 66.3 kJ/mol for binding Site 2. The average (±SSD) ΔG for binding Site 1 was  

–26.6 ± 0.33 kJ/mol, while it was –26.3 ± 0.48 kJ/mol for binding Site 2. The overall average ΔG 

for both sites was determined to be –26.4 ± 0.42 kJ/mol. The negative ΔHobs, negative ΔG, and 

negative ΔS values obtained for Site 1 indicate that the interaction was exothermic, spontaneous, 

favored, and enthalpically driven. The positive ΔHobs, negative ΔG, and positive ΔS values 

obtained for Site 2 indicate that the interaction was endothermic, spontaneous, favored, and 

entropically driven. The average (±SSD) Kb for both sites in this experiment was determined to 

be 8.64E4 ± 1.020E4 M
–1

, which equates to a Kd of 1.17E-5 ± 1.330E-6 M. The Smax values were 

estimated by visually determining the injection at which thermal equilibration was achieved, then 

calculating the mass of VX titrated into the cell. The average (±SSD) Smax for Suspengel 200 was 

176,000 ± 6532 mg/kg. 

 

  The thermodynamic characteristics for the Suspengel 200 runs obtained above the 

LCT for VX are summarized in Table 7. An example plot of the raw data as well as a plot of the 

integrated data following reduction by the one-site model are illustrated in Figure 19. The 

thermodynamic profiles are illustrated in Figure 20. Using the regression function in Microsoft 

Excel, the Student’s t statistics were determined for the slopes of the linear regression lines for 

the thermodynamic parameters. The critical value (t0.05/2,10) of the Student’s t statistic was 2.23, 

and in all cases, the critical value was not exceeded. This demonstrates that the slopes of the 

linear regression lines were not significantly different (P = 0.05) from zero. The average (±SSD) 

thermodynamic characteristics were determined to be as follows: ΔHobs = –15.1 ± 2.26 kJ/mol,  

–TΔS = –11.2 ± 2.95 kJ/mol, and ΔG = –26.4 ± 2.16 kJ/mol. The negative ΔHobs, negative ΔG, 

and positive ΔS values obtained indicate that the interaction was exothermic, spontaneous, 

favored, and enthalpically driven. The average (±SSD) Kb was determined to be 

2.69E4 ± 4.305E3 M
–1

, which equates to a Kd of 3.79E-5 ± 5.177E-6 M. The Smax values were 

estimated by visually estimating the injection at which thermal equilibration was achieved, then 

calculating the mass of VX titrated into the cell. The average (±SSD) Smax for Suspengel 200 was 

165,000 ± 12,090 mg/kg. 
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Figure 16.  Bimodal behavior observed during titration of VX into clay suspensions.  

Left: Suspengel 200 thermograms; right: Aldrich K10 thermograms. In all cases,  

the titrant was 8 mM VX in pH 4.3 buffer. 
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Figure 17.  Titration of VX into Suspengel 200 at 278 K. Substrate concentration was 

1000 mg/L, and VX concentration was 8 mM. Top: raw data; bottom: modeled data. Raw data 

was reduced using a two-site binding model. Open symbols represent data points that were 

intentionally omitted from the model. 
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Table 6.  Thermodynamic Characteristics for the Binding of VX with Suspengel 200  

Below the Lower Critical Temperature 

 

Reaction 

Temperature 

(K) 

Thermodynamic Characteristic 

Saturation 

Capacity 

(mg/kg) 

Kb  

(M
–1

) 

ΔHobs  

(kJ/mol) 

–TΔS 

(kJ/mol) 

ΔG 

(kJ/mol) 

278 NA 1.04E5 –156 129 –26.8 

278 NA 8.00E4 –121  63.2 –26.1 

280.5 NA 8.90E4 –62.6  35.9 –26.6 

283 NA 8.84E4 –63.7  36.8 –26.8 

Site 2
a
 

278 184,000 9.68E4 161 –188 –26.7 

278 176,000 7.33E4 176  –301 –25.7 

280.5 176,000 8.00E4 298  –324 –26.0 

283 168,000 7.96E4 304 –330 –26.6 

Mean 176,000 8.64E4   –26.4 

SSD 6,532 1.020E4   0.42 
a
  CECA+B was used to model Site 2 heat flows. It is unknown whether this is the correct model parameter. 

NA, not applicable 
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Figure 18.  Thermodynamic profiles for the reaction of VX with Suspengel 200 below the lower 

critical temperature. Raw data were reduced using a two-site binding model. Top: first binding 

site; bottom: second binding site. In all cases, the slopes of the linear regression lines were not 

significantly (P = 0.05) different from zero. 
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 A summary of thermodynamic characteristics for both binding sites on the 

Suspengel 200 is included as Table 8. Although the data obtained using the Aldrich K10 could 

not be successfully modeled, ΔHobs was estimated for each reaction temperature using the first 

injection as described in Section 3.1.1. A comparison of ΔHobs for both clay substrates is 

illustrated in Figure 21. It is beyond the scope of this report to determine the mechanism of the 

second binding site; however, one hypothesis is that when the interaction takes place at or below 

the LCT, a ligand exchange through the phosphorus can occur with hydroxyl groups on the clay 

edges.
95,96

 This second mechanism was not observed in the Aldrich K10 clay, because the acid 

processing is reported to largely destroy binding sites associated with the clay edges.
32–34

 

 

 The ΔCp is the slope of the linear regression line of a plot of ΔHobs versus 

temperature, as illustrated in Figure 21.
97,98

 The ΔCp values were determined to be –0.280,  

–0.0533, and 12.9 kJ/mol·K for Aldrich K10, Site 1 for Suspengel 200 above the LCT, and Site 1 

for Suspengel 200 below the LCT, respectively. There is a sharp break in ΔHobs values that 

appears to correspond with the LCT for VX obtained with the Suspengel 200 clay, which is not 

observed in ΔHobs values obtained with the Aldrich K10 clay. Negative values for ΔCp indicate 

water molecules are leaving the bulk solution, and positive values indicate water molecules are 

moving into the bulk solution.
99–101

 It is unknown whether the negative ΔCp values were the 

result of solvation of the VX molecules, transfer of water into the interlaminar space of the clays, 

or a combination of these two processes. It is also unknown whether the positive ΔCp value 

obtained for the reactions conducted below the LCT with Suspengel 200 was the result of 

desolvation of the VX molecules, expulsion of water from the interlaminar space of the clays, or 

a combination of these two processes. Another difference in the Site 1 characteristics is the 

strength of the binding interaction. The average Kb below the LCT is 9.04E4 M
–1

, whereas it is 

2.50E4 M
–1

 above the LCT. This indicates that the VX sorption to the Suspengel 200 was 

~3.5 times stronger when the reaction was conducted below the LCT of VX.   
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Figure 19.  Titration of VX into Suspengel 200 at 318 K. Substrate concentration was 1000 mg/L 

and VX concentration was 8 mM. Top: raw data; bottom: modeled data. Raw data was reduced 

using a one-site binding model. Open symbols represent points that were not used to model the 

data. 
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Table 7.  Thermodynamic Characteristics for the Binding of VX with Suspengel 200  

Above the Lower Critical Temperature 

 

Reaction 

Temperature 

(K) 

Thermodynamic Characteristic 

Saturation 

Capacity 

(mg/kg) 

Kb 

(M
–1

) 

ΔHobs 

(kJ/mol) 

–TΔS 

(kJ/mol) 

ΔG 

(kJ/mol) 

285.5 160,000 2.30E4 –14.4  –8.13 –22.5 

288 153,000 2.47E4 –14.0  –9.01 –23.0 

303 145,000 3.27E4 –14.1  –12.1 –26.2 

303 153,000 2.55E4 –17.1  –7.25 –24.3 

310.5 168,000 2.98E4 –13.2  –14.2 –27.3 

310.5 176,000 2.88E4 –12.6  –13.9 –26.5 

310.5 168,000 2.51E4 –13.7  –12.5 –26.1 

314 176,000 2.40E4 –18.1  –8.18 –26.3 

318 184,000 2.44E4 –13.6  –14.6 –28.3 

318 168,000 2.40E4 –15.5  –12.7 –28.3 

318 176,000 2.41E4 –15.0  –14.6 –29.6 

318 153,000 3.70E4 –20.2  –7.65 –27.8 

Mean 165,000 2.69E4 –15.1 –11.2 –26.4 

SSD 12,090 4.305E3 2.26 2.95 2.16 

Note: The raw data was reduced using a one-site binding model.   

 

 

 
Figure 20.  Thermodynamic profiles for the reaction of VX with Suspengel 200 above the lower 

critical temperature. Raw data was reduced with the one-site binding model. Slope of the linear 

regression line for ΔG was significantly (P = 0.05) different from zero, while slopes of the linear 

regression lines for ΔHobs and –TΔS were not significantly (P = 0.05) different from zero. 
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Table 8.  Comparison of Thermodynamic Parameters Obtained  

Above and Below the Lower Critical Temperature 

 

Parameter 
Reactions ≤ LCT Reactions > LCT 

Site 1 Site 2 Site 1 

Smax (mg/kg) NA 176,000 ± 6,532 167,000 ± 17,760 

Kb (M
–1

) 9.04E4 ± 9.984E3 8.24E4 ± 1.01E4 2.50E4 ± 5.421E3 

Kd (M) 1.12E-5 ± 1.185E-6 1.23E-5 ± 1.388E-6 4.23E-5 ± 1.187E-5 

ΔHobs (kJ/mol) –100 ± 45.8 235 ± 76.8 –13.6 ±2.94 

–TΔS (kJ/mol) 66.2 ± 43.72 –286 ± 66.3 –12.4 ± 3.47 

ΔS (kJ/mol·K) –0.237 ± 0.158 1.02 ± 0.234 0.0359 ± 0.00890 

ΔG (kJ/mol) –26.6 ± 0.33 –26.3 ± 0.48 –26.0 ± 2.22 

ΔCp (kJ/mol·K) 12.9 18.4 –0.0533 

Notes: In all cases, the substrate was Suspengel 200, and the titrant was VX. Reported values are averages ± SSD. 

NA, not applicable 
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Figure 21.  Observed enthalpy and entropy as a function of reaction temperature for binding 

Site 1. Top: ΔHobs (Suspengel 200 and Aldrich K10 substrates); bottom: ΔS (Suspengel 200 

substrate only). Vertical dashed lines represent the LCT for VX in pure water.  
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3.1.3 VX Reactions Under Pseudo-First-Order Conditions 

 

 A final series of ITC runs was conducted such that the substrate concentrations 

were in large excess. This allowed the assumption that the reactions were conducted under 

pseudo-first-order conditions, relative to substrate. The Suspengel 200 concentration was 

14,000 mg/L, which corresponded to an initial STS ratio of 1:71. The Aldrich K10 concentration 

was 28,000 mg/L, which corresponded to an initial STS ratio of 1:36. The Suspengel 200 

saturated with humus had an estimated concentration of 8400 mg/L, which corresponded to an 

initial STS ratio of 1:119. The humus had a concentration of ~2200 mg/L, which corresponded to 

an initial STS ratio of 1:454. In these runs, the objective was to have individual peaks that did 

not significantly change during the course of a titration. Individual peaks were integrated and 

normalized against the molar amount of VX in each injection. Typically, two independent runs 

were conducted for each set of conditions, and the first 10 individual peaks were integrated. 

Typically, the lowest and highest data points were dropped, and 18 data points were used to 

calculate the mean response. Example raw thermograms are illustrated in Figure 22. 

 

 In addition to the runs with substrate, parallel blank runs were conducted by 

adding VX titrant solution into pH 4.3 buffer under conditions identical to those used during the 

runs conducted with substrate. Example raw thermograms are illustrated in Figure 23. A linear 

regression model was applied to the blank data, and results are illustrated in Figure 24. This 

regression model was used to correct substrate runs for the ΔHobs associated with the mixing of 

VX titrant into pH 4.3 buffer. 

 

 The pseudo-first-order ΔHobs values, corrected for blank injections, are 

summarized in Table 9. In the current study, ΔHobs values determined at 298 K under pseudo-

first-order conditions ranged from –8.67 to –6.41 kJ/mol, which is indicative of a net exothermic 

process. The ΔHobs values obtained under pseudo-first-order conditions are in good agreement 

with those obtained under saturating conditions, which ranged from –12.6 to –7.63 kJ/mol at 

298 K. The ΔHobs values determined in the current study are in good agreement with literature 

values, which ranged from –20.3 to –4.10 kJ/mol for the exchange of monovalent cations (Cs
+
, 

K
+
, and NH4

+
) onto homoionic (Na

+
) montmorillonite and kaolinite clays.

92,93
 The reported 

literature values of ΔH were all determined at 298 K; there were no studies found in which 

thermodynamic characteristics were determined at multiple temperatures. Interestingly, one of 

the studies reported endothermic ΔH values ranging from +2.40 to +15.6 kJ/mol for the 

exchange of divalent and trivalent cations (Ba
2+

, Ca
2+

, La
3+

, and Mg
2+

) onto homoionic (Na
+
) 

montmorillonite and kaolinite clays.
92

 The ΔHobs values from the current study, as a function of 

temperature, are illustrated in Figure 25. The ΔCp values were determined to be –0.461, –0.323, 

and –0.333 kJ/mol·K for the Suspengel 200, Suspengel 200 with humus, and Aldrich K10 

substrates, respectively. The average ΔCp for all three substrates was determined to be  

–0.372 kJ/mol·K. Negative values of ΔCp indicate that water molecules were leaving the bulk 

solution, whereas positive values indicate water molecules were moving into the bulk  

solution.
99–101

 It is unknown whether the negative ΔCp values were the result of solvation of the 

VX molecules, transfer of water into the interlaminar space of the clays, or a combination of 

these two processes. 
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 The maximum heat-release rate values for each injection are summarized in 

Table 10. The activation energies (Ea) of binding were calculated using the Arrhenius 

equation,
102

 and the average rates are in Table 10. This approach to estimating activation 

energies has been established in the literature.
103,104

 The Arrhenius plots are illustrated in 

Figure 26, and the Ea values were calculated using both the graphical and two-point 

protocols.
102,105

 The Ea values and pre-exponential factors (A) are summarized in Table 11. The 

Ea values were estimated to be 36.2, 24.7, and 13.3 kJ/mol for Suspengel 200, Suspengel 200 

plus humus, and Aldrich K10, respectively. The Ea values determined in the current study are in 

reasonable agreement with an Ea of 23.0 kJ/mol reported in the literature for the sorption of  

2,4-dichlorophenoxyacetic acid (2,4-D, C8H6Cl2O3; CAS no. 94-75-7) to a montmorillonite 

clay.
106

 

 

 Pseudo-first-order reactions using RSH as the titrant were also conducted, but did 

not provide valid data. In Section 3.1.1, reactions under saturating conditions were also 

attempted with RSH, but the results were not consistent. In these pseudo-first-order reactions, the 

RSH titrant solution was freshly prepared from neat material immediately prior to the 

experiment. This was done in an attempt to minimize the oxidation of RSH to RSSR. The ITC 

results with RSH were too variable from injection to injection to be useful. The relative standard 

deviation ranged from 45.0 to 220% across 10 injections, depending on the reaction temperature. 

In comparison, VX data was more reproducible, with relative standard deviations ranging from 

3.07 to 30.2% across 10 injections. This comparison is illustrated in Figure 27.  

 

 A third series of ITC runs was conducted at 278, 298, and 318 K to determine 

whether any significant interactions were occurring when VX interacted with the humus 

substrate. The substrate concentration was ~2200 mg/L to ensure the reaction was occurring 

under pseudo-first-order in substrate. This substrate concentration corresponded to an initial STS 

ratio of 1:454. In addition to the runs with substrate, parallel blank runs were conducted by 

adding titrant solution into pH 4.3 buffer, under conditions identical to those used during the runs 

conducted with substrate. In all cases, no heat flow was detected in any of the titrations. This 

apparent lack of interaction was confirmed during the kinetic profile experiments described in 

Section 3.2.1.  
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Figure 22.  Pseudo-first-order raw thermograms using VX as the titrant. A: Suspengel 200 at 

278 K; B: Suspengel 200 at 318 K; C: Aldrich K10 at 278 K; D: Aldrich K10 at 318 K. 
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Figure 23.  Thermograms comparing a blank and a sample. Top: VX being titrated into pH 4.3 

buffer (inset: close-up view to show detail); bottom: VX titrated into Suspengel 200. All runs 

were conducted at 298 K with a 5 µL injection volume. 
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Figure 24.  Estimation of blank correction. 

 

 

Table 9.  Enthalpy of Binding Under Pseudo-First-Order Conditions 

 

Substrate 

Suspension 

Titrant 

Solution 

(mM VX) 

ΔHobs (kJ/mol, Mean ± SSD) 

Reaction Temperature 

278 K 288 K 298 K 318 K 

14,000 mg/L 

Suspengel 200 
2 –3.08 ± 0.8305 –5.05 ± 0.981 –8.18 ± 1.010 –21.1 ± 1.72 

Suspengel 200 

Saturated with humus
a
 

2 ~0
b
 NA –6.41 ± 0.662 –12.9 ± 0.88 

28,000 mg/L 

Aldrich K10 
0.4 ~0

b
 NA –8.67 ± 2.746 –13.3 ± 8.00 

a
  Concentration was 8400 mg/L.  

b
  No significant heat flow was detected; ΔHobs = ~0 kJ/mol. 

Notes: Reactions conducted first-order in substrate. Reported values are averages of 18 peaks. Corrected for titrant 

solution into pH 4.3 buffer. 

NA, not applicable 
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Table 10.  Maximum Heat Release Rates Under Pseudo-First-Order Conditions 

 

Substrate 

Suspension 

Titrant 

Solution 

(mM VX) 

Maximum Heat Rate (kJ/s/mol, Mean ± SSD) 

Reaction Temperature 

278 K 288 K 298 K 318 K 

14,000 mg/L 

Suspengel 200 
2 –0.104 ± 0.0083 –0.177 ± 0.0071 –0.389 ± 0.0095 –0.846 ± 0.0751 

Suspengel 200 

saturated with 

humus
a
 

2 ~0
b
  NA –0.272 ± 0.0083 –0.509 ± 0.0133 

28,000 mg/L 

Aldrich K10 
0.4  ~0

b
  NA –0.354 ± 0.0625 –0.496 ± 0.0436 

a
  Concentration was 8400 mg/L. 

b
  No significant heat flow was detected; ΔHobs = ~0 kJ/mol. 

Notes: Reactions conducted first-order in substrate. Reported values are averages of 18 peaks. These rates were not 

corrected for a blank titration. 

NA, not applicable 

 

 

 

 
Figure 25.  Estimation of heat capacity change of binding under pseudo-first-order conditions. 
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Table 11.  Estimation of Arrhenius Activation Parameters  

Under Pseudo-First-Order Conditions 

 

Substrate 

Suspension 

Titrant 

Solution 

(mM VX) 

Arrhenius Parameters 

Ea
b
 

(kJ/mol) 

A
b
 

(kJ/s·mol) 

Ea
c
 

(kJ/mol) 

14,000 mg/L 

Suspengel 200 
2 39.4 2.62E6 

30.6
d 

38.5
e
 

Suspengel 200 

saturated with humus
a
 

2 24.7 5.78E3 24.7
d
 

28,000 mg/L 

Aldrich K10 
0.4 13.3 75.5 13.3

d
 

a
  Concentration was 8400 mg/L Suspengel 200. 

b
  Estimated using graphical protocol. 

c
  Estimated using two-point equation. 

d
  Estimated using 298 and 318 K. 

e
  Estimated using 278 and 318 K. 

Note: Reactions conducted first-order in substrate. 
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Figure 26.  Estimation of Ea of binding. 
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Figure 27.  Injection-to-injection repeatability during pseudo-first-order reactions.  

Top: VX; bottom: RSH. In both cases, the substrate was Suspengel 200. 
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3.2 Batch Equilibrium Sorption Isotherms 

 

3.2.1 Kinetic Profiles 

 

 Prior to selection of substrates to be used in this study, a screening experiment 

was conducted with the twofold purpose of providing operator experience and some preliminary 

sorption data. In this screening effort, 12 NIST SRMs and 2 reagent-grade montmorillonite clays 

were evaluated. The NIST SRMs are described in Section 2.3, and the two reagent-grade clays 

were Aldrich KSF and K10 montmorillonite clays. The NIST SRMs were used as received, but 

the Aldrich clays had been converted to the homoionic Na
+
 form for another project.

45
 Substrate 

suspensions were prepared in a formulated source water (FSW) at a concentration of 250 mg/L. 

This FSW has been used in other agent fate studies and is well characterized.
74,107

 The FSW has 

a pH of 7.7, total hardness of 25.7 mg/L, total dissolved solids of 100 mg/L, total organic carbon 

of 1.1 mg/L, and a specific conductance of 172 µmho/cm. These suspensions were allowed to 

equilibrate in the FSW for 72 h before being used. A mixed solution of MPA, EMPA, EA 2192, 

and VX was prepared in FSW at a concentration of ~1.6 mg/L and equilibrated to 298 K. The 

substrate suspensions were also equilibrated to 298 K prior to the start of the experiment. Once 

equilibrated, 10 mL of substrate suspension was mixed with 10 mL of analyte solution. Resulting 

suspensions were 125 mg/L in substrate and 0.8 mg/L in analyte, which is a 1:8,000 STS ratio. In 

addition to the samples, a control (no substrate) was also prepared. Samples were stirred, and 

time-point samples were removed at 0.25, 2, 6, and 48 h. Samples were immediately filtered 

(0.2 µm nylon Acrodisc) and analyzed by the LC/MS method described in Section 2.7.2. 

Relative to the control, there was no apparent loss of MPA, EMPA, or EA 2192 from solution 

when it was exposed to any of the 14 substrates. In the two Aldrich clay substrates, there was a 

significant decrease in VX solution concentration over time, with a slight increase in EMPA 

concentration. The increase in EMPA was similar to that observed in the FSW control reaction. 

The VX also degraded in the FSW, with a first-order half-life (t1/2) of 248 h. The t1/2 values in the 

Aldrich clay suspensions were 34.1 and 5.74 h for Aldrich KSF and Aldrich K10, respectively. 

The increases in EMPA concentration in the clay suspensions were equivalent to the increase 

observed in the control, suggesting that VX was being sorbed to the clay.  

 

 Once the substrate cleaning protocol described in Section 2.5 was established, 

preliminary kinetic sorption profiles were obtained at 298 K to investigate sorption of EMPA, 

MPA, and VX with three different clay substrates. The substrate suspensions were prepared in 

pH 4.3 buffer, and in all cases, the pH of the final suspension was determined to be 4.3. The 

substrate concentrations were 7350 mg/L for Suspengel 200, 7200 mg/L for Aldrich K10, and 

7500 mg/L for kaolinite. The STS ratios ranged from 1:133 to 1:139 with an average of 1:136. 

The initial analyte concentrations were 699 ± 22.2 mg/L for MPA and 852 ± 21.9 mg/L for 

EMPA. In the phosphonic acid experiments, all samples were filtered and analyzed by the CE 

method described in Section 2.7.2. In the VX experiment, samples were analyzed unfiltered and 

filtered, to distinguish sorptive processes from degradation in bulk solution. The initial VX 

concentration in the filtered treatment was 97.4 ± 2.20 mg/L, and the unfiltered was 

103 ± 1.8 mg/L. Because there was no significant difference between the filtered and unfiltered 

VX values, the overall average (n = 14) initial concentration of 100 ± 3.5 mg/L was used. The 

samples from the VX experiment were immediately extracted and analyzed using the GC/MSD 

method described in Section 2.7.1. The phosphonic acid results are illustrated in Figure 28. In all 
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cases, there was no loss of either phosphonic acid from solution, which indicates that neither 

phosphonic acid was sorbed by any of the substrates. Additional evidence for lack of sorption 

was also obtained during the ITC experiments, as summarized in Section 3.1.1. In a reported 

study, both MPA and EMPA were determined to bind with three different soils.
82

 In that study, 

the STS ratio was 1:40, the samples were equilibrated for 24 h at 298 K, and the solution pH 

values ranged from 4.4 to 4.7. The reported Smax values ranged from 159 to 512 mg/kg for MPA 

and 2.1 to 3.9 mg/kg for EMPA. The reported distribution coefficients (K values) ranged from 

0.00006 to 0.00016 L/kg for MPA and 0.0010 to 0.0080 L/kg for EMPA. The apparent 

discrepancy in results between the current study and the reported values is most likely due to 

differences in STS ratios and substrates (the reported study used soils) and the reported 

instability of EMPA in some soil extracts.  

 

 The initial kinetic sorption profiles for VX are illustrated in Figure 29. There was 

no significant sorption of VX by the kaolinite substrate, with the average (n = 7) filtered 

concentration being 93.1 ± 2.13 mg/L and the unfiltered concentration being 99.4 ± 5.37 mg/L. 

In both the filtered and unfiltered treatments, there were no trends observed in the concentrations 

over the 24 h experiment. The lack of sorption in the kaolinite kinetic sorption profiles was 

supported by the ITC experiments, as described in Section 3.1.1. There was significant loss of 

VX from solution in both the Suspengel 200 and Aldrich K10 suspensions. In the case of 

Suspengel 200, the average (n = 7) VX concentrations were 0.504 and 14.1 mg/L for filtered and 

unfiltered treatments, respectively. There was no trend in the filtered treatment, but a downward 

trend over time was observed in the unfiltered treatment. In the case of Aldrich K10, the average 

(n = 7) VX concentrations were 0.408 and 33.3 mg/L for the filtered and unfiltered treatments, 

respectively. There was no trend in the filtered treatment, but a downward trend over time was 

observed in the unfiltered treatment. In both cases, the fast loss of VX from solution was 

consistent with data from a previous study
18,19

 and with the ITC results summarized in 

Section 3.1.1. 

 

 An initial kinetic sorption profile was obtained at 298 K to investigate sorption of 

VX with humus. The substrate suspension was prepared by mixing 4 mL of the humus stock 

suspension (Section 2.5) with either 16 mL of pH 4.3 buffer (control) or 16 mL of VX solution in 

pH 4.3 buffer. The samples were analyzed unfiltered and filtered (0.2 µm nylon Acrodisc) to 

help distinguish sorptive processes from degradation in the bulk solution. The average (n = 7) 

VX concentration in the filtered control was 27.9 ± 1.54 mg/L, and the average (n = 7) unfiltered 

control was 29.0 ± 0.67 mg/L. There was no significant difference between the filtered and 

unfiltered VX values, so the overall average (n = 14) initial VX concentration of 

28.4 ± 1.27 mg/L was used. The samples from the VX experiment were immediately extracted 

and analyzed using the GC/MSD method described in Section 2.7.1. The results are illustrated in 

Figure 30. In all cases, there was no loss of VX from solution, which indicates that no significant 

sorption/degradation of VX by the humus substrate took place under the experimental conditions 

evaluated. As summarized in Section 3.1.3, additional evidence for lack of sorption was also 

obtained during the ITC experiments. 
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Figure 28.  Initial kinetic sorption profiles for phosphonic acid degradation products.  

Top: MPA; bottom: EMPA. Dashed lines indicate the estimated 95% confidence intervals for the 

control (no substrate) samples. Profiles were obtained at 298 K, and all samples were filtered. 
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Figure 29.  Initial kinetic sorption profiles for VX with clay substrates.  

Top: filtered; bottom: unfiltered. Dashed lines indicate the estimated 95% confidence  

intervals for the control (no substrate) samples. Profiles were obtained at 298 K. 
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Figure 30.  Initial kinetic sorption profiles for VX with humus substrate. Top: filtered; bottom: 

unfiltered. Dashed lines indicate the 95% confidence intervals for the control (no substrate) 

filtered and unfiltered samples. Profiles were obtained at 298 K. 
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 Once the baseline conditions were established, definitive kinetic sorption profiles 

were obtained at 298 K to investigate sorption of VX with Suspengel 200. It was decided to 

focus the definitive study on the natural clay substrate and not the highly processed catalyst clay 

identified as Aldrich K10. The substrate suspensions were prepared in pH 4.3 buffer, and in all 

cases, the pH of the final suspension was determined to be 4.3. The substrate concentrations were 

100, 200, 400, and 1000 mg/L, which corresponded to STS ratios of 1:10,000, 1:5,000, 1:2,500, 

and 1:1,000, respectively. The clay concentrations utilized in this experiment corresponded to 

VX loadings as a percentage of Smax (Table 12) of 173, 86.6, 43.3, and 17.3%. Results are 

illustrated in Figures 31 through 34. The VX control samples exhibited no trending with time, 

with average (n = 10, ±SSD) VX concentrations of 20.5 ± 0.96 and 20.9 ± 0.99 mg/L for filtered 

and unfiltered samples, respectively. There was no significant difference between the filtered and 

unfiltered control samples, so the overall average (n = 20, ±SSD) VX concentration of 

20.7 ± 0.97 mg/L was used in all calculations.  

 

 The loss of VX from solution was very fast, with no change in dissolved VX 

(VXF) concentration between the first (15 min) and last (8640 min) sampling points. This fast 

sorption of VX from dilute solution was also observed in a previous study.
18,19

 In calculations, 

the average (n = 10) dissolved VX concentration for each Suspengel 200 loading was used 

because no trending was observed over time. The average initial VX (VXINT) added to each vial 

was 1.04 mg. Similarly, no trending was observed for the RSSR concentrations, and the average 

initial RSSR in each vial was 0.0369 mg. The RSSR was not added to the clay suspensions but 

was present as an impurity in the VX. Using the following relationships, the recovery of VX (or 

RSSR) from the clay substrate at each time point was calculated. The VX recovered in the 

dissolved (filtered) fraction was identified as VXF, and the whole (unfiltered) VX recovered was 

identified as VXUF. The total amount of VX bound to the substrate was identified as VXTOT, and 

the VX recovered from the substrate was identified as VXREC.   

 

VXINT – VXF = VXTOT 

 

VXUF – VXF = VXREC 

 

Recoveries of VX and RRSR from the Suspengel 200 substrate as a function of 

aging time and VX loading are illustrated in Figures 35 and 36. In addition, the initial recovery at 

15 min and the minimum modeled recoveries are also illustrated. The minimum recoveries were 

estimated using a nonlinear Langmuir model.
85–87

 Recovery of both VX and RSSR from the 

Suspengel 200 decreased with aging time. This phenomenon of recovery loss with aging is well 

documented in the pesticide literature.
108–110

 In addition to recovery loss as a function of aging 

time, there was a significant decrease in recovery based on the substrate concentration. The loss 

of recovery appears to be biphasic, in which the initial loss rate (in the first hour) is fast and is 

followed by a slower secondary loss rate. Overall, for both VX and RSSR, the initial recovery 

loss rate was determined to be ~0.5 %/min, and the slower secondary-recovery loss rate was 

determined to be ~100 times slower. 

 

 Once the baseline conditions were established, a definitive kinetic sorption profile 

was obtained at 298 K to investigate sorption of EMPA with Suspengel 200. The substrate 

suspensions were prepared in pH 4.3 buffer, and in all cases, the pH of the final suspension was 
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determined to be 4.3. The substrate concentrations were 100, 200, 400, and 1,000 mg/L, which 

corresponded to STS ratios of 1:10,000, 1:5,000, 1:2500, and 1:1,000. Results are illustrated in 

Figure 37. The EMPA control samples exhibited no trending with time, with an average (n = 6) 

EMPA concentration of 77.2 ± 1.80 mg/L. There was no loss of EMPA from solution under any 

of the substrate loadings. These results support those from previous experiments and demonstrate 

that no VX degradation occurred in these sorption profiles. 

 

 After the sorption profiles were completed, a kinetic desorption profile was 

obtained at 298 K to investigate desorption of VX from Suspengel 200. The substrate 

suspensions were prepared in pH 4.3 buffer, and in all cases, the pH of the final suspension was 

determined to be 4.3. The substrate concentrations were 100, 200, 400, and 1000 mg/L, which 

corresponded to solid–liquid ratios of 1:10,000, 1:5000, 1:2500, and 1:1000, respectively. Once 

the substrate and VX solutions were mixed, the suspensions were allowed to stir for 8 days while 

being maintained at 298 K. Once the 8 day sorption phase was completed, the vials were 

centrifuged, and the supernatant was discarded. The clay pellet was then resuspended in 40 mL 

of fresh pH 4.3 buffer and stirred for 1 h; then the centrifugation was repeated. The supernatant 

was discarded. The clay pellet was then resuspended in 20 mL of 2-propanol, and stirring was 

started. The 2-propanol was chosen as the desorption solvent because a previous study had 

demonstrated the ability of 2-propanol to effectively desorb VX from a variety of sorbent 

materials.
49

 Time-point samples were obtained and analyzed by GC/MSD. Results are illustrated 

in Figure 38. There was an upward trend observed with increasing desorption time, and the 

maximum amount of VX desorbed was estimated using a nonlinear Langmuir model.
85–87

 These 

results are also illustrated in Figure 38. The results of the desorption experiment clearly 

demonstrated that VX did not degrade during the sorption process and was stable for at least 

8 days under the conditions evaluated. In a reported study, hexadecyltrimethylammonium 

bromide (CTAB; C19H42BrN; CAS no. 57-09-0) was found to be stable for at least 5 months 

when sorbed to a natural montmorillonite clay.
111

 In that study, the CTAB was sorbed from 

dilute aqueous solution, then the modified clay was isolated, air-dried, and stored dry at ~293 K. 

In both the current and reported studies, the reported stabilities should be considered lower 

limits, because the experiments were terminated after 8 days or 5 months, respectively. 
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Figure 31.  Kinetic profiles of filtered and unfiltered control samples. Top: VX; bottom: RSSR. 

Dashed lines indicate the 95% confidence intervals for the average values. RSSR was present as 

an impurity in the VX. Profiles were obtained at 298 K. Note: y-scales are shown close up to 

clarify detail. 
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Figure 32.  Kinetic profiles of filtered and unfiltered VX samples. Top: filtered; bottom: 

unfiltered. In all cases, the substrate was Suspengel 200. Profiles were obtained at 298 K. 
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Figure 33.  Kinetic profiles of filtered and unfiltered RSSR samples. Top: filtered;  

bottom: unfiltered. RSSR was present as an impurity in the VX. In all cases,  

the substrate was Suspengel 200. Profiles were obtained at 298 K. 
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Figure 34.  Kinetic profiles for EMPA impurity with different substrate loadings. Dashed lines 

indicate the estimated 95% confidence intervals for the control samples. Top: full-time range; 

bottom: close-up view to show to first 400 min. EMPA was present as an impurity in the VX. In 

all cases, the substrate was Suspengel 200. Profiles were obtained at 298 K. 
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Figure 35.  Recovery of VX from Suspengel 200 as a function of aging time and VX loading. 

Top: recovery versus aging time and VX loading. Bottom: initial recovery at 15 min and modeled 

minimum recovery as a function of VX loading. Profiles were obtained at 298 K. 
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Figure 36.  Recovery of RSSR from Suspengel 200 as a function of aging time and VX loading. 

Top: recovery versus aging time and VX loading. Bottom: initial recovery at 15 min and modeled 

minimum recovery as a function of VX loading. Profiles were obtained at 298 K.  

RSSR was present as an impurity in the VX. 
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Figure 37.  Kinetic sorption profiles for EMPA with different Suspengel 200 concentrations. 

Dashed lines indicate the estimated 95% confidence intervals for the control samples. Top: full 

time range; bottom: close-up view to show the first 1600 min. Profile was obtained at 298 K. 
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Figure 38.  Kinetic desorption profiles for VX with different Suspengel 200 concentrations. Top: 

kinetic profile; bottom: modeled maximum amount of VX desorbed as a function of clay loading. 

Profiles were obtained at 298 K. 

  

0.0 

0.1 

0.2 

0.3 

0.4 

0.5 

0 40 80 120 160 200 

V
X

 D
es

o
rb

ed
 (

m
g
) 

Desorption Time (min) 

100 mg/L 200 mg/L 400 mg/L 1,000 mg/L 

y = 0.00196x + 0.1033 

R² = 0.9450 

0.0 

0.1 

0.2 

0.3 

0.4 

0.5 

0 50 100 150 200 

M
ax

im
u
m

 V
X

 D
es

o
rb

ed
 (

m
g
) 

VX Loading (% of Smax) 



 

67 

3.2.2 Batch Equilibrium Sorption Isotherms 

 

 Batch equilibrium sorption isotherms for VX on clay substrates were obtained at 

298 K, using an equilibration time of 60 min. The 60 min equilibration time was chosen based on 

the kinetic profiles described in Section 3.2.1. The isotherms were constructed using a variable 

STS approach
83

 with STS ratios ranging from 1:1,000 to 1:10,000. In all cases, the substrates 

were suspended in pH 4.3 buffer, and pH was maintained at 4.3 through all STS ratios. The VX 

batch equilibrium sorption isotherms for the Aldrich K10 and Suspengel 200 montmorillonite 

clay substrates are illustrated in Figure 39. The initial VX concentrations were determined to be 

30.9 and 30.5 mg/L for runs 1 and 2 of the Aldrich K10 clay, respectively. The initial VX 

concentrations were determined to be 20.3 and 22.8 mg/L for runs 1 and 2 of the Suspengel 200 

clay, respectively. Combined data from both runs for each substrate was evaluated using 

nonlinear isotherm models.
85–87

 In both cases, only the Langmuir model was able to converge on 

a solution. The model parameters are summarized in Table 12. The modeled Smax values were 

45,000 and 119,000 mg/kg for Aldrich K10 and Suspengel 200, respectively. These Smax values 

were still significantly different when normalized to BETN2 surface area, being 0.182 and 

4.01 mg/m
2
 for Aldrich K10 and Suspengel 200, respectively. When normalized to the CECA+B, 

the Smax values became 262 and 261 mg/meq for Aldrich K10 and Suspengel 200, respectively. 

Because the molecular weight of VX is 267, these CECA+B normalized Smax values translated to 

0.981 and 0.978 meqVX/meqclay for Aldrich K10 and Suspengel 200, respectively. This indicates 

that within experimental error, VX interacted with both clay substrates on a 1:1 basis, and the 

interaction appeared to be an ion-exchange process. The average Smax value of 119,000 mg/kg 

obtained for the Suspengel 200 using the isotherm approach was significantly lower (by ~30%) 

than the value obtained during the ITC experiments (Section 3.1.2). It is thought that the Smax 

value from the ITC results was overestimated due to inclusion of heat flows associated with 

flocculation events.  

 

 In one study found in the literature (referred to as the 2004 LLNL study), the 

sorption of VX to montmorillonite clay (and other environmental matrices) in dilute suspensions 

was examined.
18,19

 The results from this study are compared with results from the current study 

in Figure 40. In the 2004 LLNL study, the clay was an Aldrich montmorillonite clay, but the 

authors did not provide details on which type of clay was used. Data from the 2004 LLNL study 

was evaluated using nonlinear isotherm models.
85–87

 Only the Freundlich-Langmuir model was 

able to converge on a solution. The model parameters are summarized in Table 13. Because few 

experimental details were provided in the 2004 LLNL paper, it is difficult to directly compare 

results from the two studies. 

 

 Batch equilibrium sorption isotherms for VX on soil substrates were obtained at 

298 K using an equilibration time of 60 min. The 60 min equilibration time was chosen based on 

the kinetic profiles described in Section 3.2.1. The isotherms were constructed using a variable 

STS approach
83

 with STS ratios ranging from 1:189 to 1:27,000. In all cases, the substrates were 

suspended in pH 4.3 buffer, and pH was maintained at 4.3 through all STS ratios. The VX batch 

equilibrium sorption isotherms for the HCB and MCL soil substrates are illustrated in Figure 41. 

The initial VX concentrations were both determined to be 18.4 mg/L. Isotherm data from each 

run was evaluated using nonlinear isotherm models.
85–87

 In the case of the HCB soil, none of the 

four models evaluated were able to successfully converge on a solution. In the case of the MCL 
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soil, only the Freundlich-Langmuir model was able to converge on a solution. The model 

parameters are summarized in Table 13.  

 

 In many cases, model source terms for the K values related to sorption or 

partitioning processes were estimated using KOC values.
22–24

 Although KOC values can be 

measured, they are typically estimated using KOW values.
22–24

 This estimation is based on the 

assumption that the organic carbon content of the soil is the only determinant of the sorption of a 

chemical from the water onto the soil. However, recent studies have concluded that the use of 

KOC values can lead to inaccurate estimates of sorption processes in soil systems.
25–27

 In the 

literature, reported log KOW values for VX ranged from 0.675 to 2.13.
18,19,24,40,46,112,113

 The 

reported log KOW values can be sorted into two groups: measured and estimated. The single 

measured log KOW value of 0.675 was determined using a shake-flask approach with DIW as the 

aqueous phase.
113

 The estimated log KOW values ranged from 1.992 to 2.13, with an average 

value of 2.06. Following an established methodology,
24

 Kd values were estimated using the 

reported log KOW values and the organic carbon fraction (fOC) for the MCL soil determined in the 

current study. The estimated Kd value for the MCL soil was 3.30 L/kg when the reported 

log KOW of 0.675 was used in the calculation. The estimated Kd value for the MCL soil was 

10.1 L/kg when the average reported log KOW of 2.06 was used in the calculation. In the current 

study, the measured Kd value for the MCL soil was 0.0729 L/kg, with a 95% confidence interval 

of 0.0696 to 0.0762 L/kg. The estimated Kd values ranged from 45 to 138 times higher than the 

measured value, depending on which log KOW value was used in the calculation. Using the 

estimated Kd values will significantly underestimate the mobility of VX in the MCL soil.   
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Figure 39.  Batch equilibrium sorption isotherms for VX interacting with montmorillonites. 

Top: Suspengel 200; bottom: Aldrich K10. Isotherms were obtained at 298 K. 
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Table 12.  Results of Nonlinear Langmuir Modeling of VX Equilibrium Isotherm Data 

 

Model 

Parameter 

Clay Substrate 

Aldrich K10 Suspengel 200 

Smax (mg/kg) 
45,000 

(43,700–46,300) 

119,000 

(104,000–134,000) 

Kd (L/kg) 
0.536 

(0.453–0.618) 

0.570 

(0.371–0.768) 

Goodness of fit 0.974 0.897 

Notes: Results were modeled using the combined data of both runs. Runs were obtained at 298 K. Results are 

reported as fitted values; estimated 95% confidence intervals are in parentheses. 

 

 

  



 

71 

 
 

 
Figure 40.  Comparison of batch equilibrium sorption isotherms for VX from two different 

studies. Top: Aldrich K10 results from the current study compared with data from a reported 

study. Bottom: close-up view to illustrate data from Davisson et al.
19

 and Morrissey et al.
20
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Figure 41.  Batch equilibrium sorption isotherms for VX interacting with two natural soils. 

Isotherms were obtained at 298 K. 

 

 

Table 13.  Results of Nonlinear Freundlich-Langmuir Modeling  

of VX Equilibrium Isotherm Data 

 

Model 

Parameter 

Substrate 

LLNL 2004 Study MCL Soil 

Smax (mg/kg) 
2,020 

(1,880–2,160) 

10,400 

(9,000–11,700) 

Kd (L/kg) 
3.49 

(3.32–3.65) 

0.0729 

(0.0696–0.0762) 

n 
5.53 

(4.51–6.56) 

10.2 

(5.53–15.0) 

Goodness of fit 0.995 0.937 

Notes: Results were modeled using dry soil weights. Runs were obtained at 298 K. Results are reported as 

fitted values; estimated 95% confidence intervals are in parentheses. 
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3.3 Settling Rates 

 

 A series of experiments were conducted to obtain preliminary information on the 

settling rates of Suspengel 200 and Aldrich K10 substrates in pH 4.3 buffer at 298 K. The 

substrate concentrations were 1470 and 1440 mg/L for Suspengel 200 and Aldrich K10, 

respectively. In all cases, 8 mM VX in pH 4.3 buffer was used as the titrant, with titrant volumes 

ranging from 0 to 250 µL. This resulted in VX loadings ranging from 0 (control) to 12.1 wt% 

relative to the mass of substrate.  

 

 The settling results are illustrated in Figure 42. The average (n = 2) settling rate 

for Suspengel 200 without VX was 0.174 AU/min, and it was 0.0430 AU/min for the Aldrich 

K10 substrate. This indicates that the Suspengel 200 without any VX will settle out of solution 

approximately 4-fold faster than uncontaminated Aldrich K10. Overall, the addition of VX to 

Aldrich K10 substrate did not significantly affect settling rate, with an overall average (n = 19, 

±SSD) settling rate of 0.0496 ± 0.00586 AU/min at 298 K. The addition of VX to the 

Suspengel 200 substrate had a significant effect on settling rate: the settling rate initially 

increased, then it dramatically decreased once the Suspengel 200 flocculated. The settling rate 

increased approximately 1.5-fold during the initial phase, then decreased approximately 3-fold 

once the flocculation occurred. Once flocculated, the Suspengel 200 settled at approximately the 

same rate as the Aldrich K10. In the course of preparing the Suspengel 200 samples for 

elemental analyses, the suspensions with and without VX added were photographed; these 

images are shown in Figure 43. Note how clear the liquid became above the flocculated 

Suspengel 200, and how the flocculated Suspengel 200 clay crept up the sides of the glass vial.  
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Figure 42.  Settling rates as a function of VX loading. All reactions were conducted at 298 K. 

Top: Suspengel 200; bottom: Aldrich K10. 
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Figure 43.  Effect of VX on settling of Suspengel 200. Photographs were obtained immediately 

after stirring (top) and 30 min after stirring was stopped (bottom). VX was added to vials at right 

but not to vials at left. 
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4. CONCLUSIONS AND DATA GAPS 
 

 ITC was found to be a useful technique for elucidating the sorption of VX to 

environmental substrates. This calorimetric technique is particularly useful when coupled with 

both kinetic profiling and equilibrium sorption isotherms. The current study is the first to 

examine VX sorption from dilute aqueous solution onto environmental sample matrices for 

which thermodynamic and sorption parameters were reported. 
 

 The sorption of VX to a natural montmorillonite clay at temperatures above the 

lower critical temperature of VX (~10 °C) was determined to occur rapidly (<15 min) and be a 

physisorption type of process, consistent with an ion-exchange mechanism. The reaction of VX 

with the clay is exothermic, as indicated by the negative enthalpy values. The negative enthalpy, 

negative Gibbs free energy, and positive entropy values indicate that the sorption is spontaneous, 

favored, and enthalpically driven. The enthalpy values measured at 298 K (~25 °C) in the current 

study (–12.6 to –8.44 kJ/mol) are consistent with literature values for cation exchange on 

clays.
92,93

 
 

 The sorption of VX to a natural montmorillonite clay at temperatures below the 

lower critical temperature of VX (~10 °C) was bimodal with both exothermic and endothermic 

heat flows. The initial interaction (Site 1) was determined to occur rapidly (<15 min) and to be a 

physisorption type of process, consistent with an ion-exchange mechanism. The interaction of 

VX with Site 1 is exothermic, as indicated by the negative enthalpy values. The negative 

enthalpy, negative Gibbs free energy, and negative entropy values indicate the interaction is 

spontaneous, favored, and enthalpically driven. The second interaction (Site 2) occurred once the 

Site 1 interaction was complete and was endothermic, as indicated by the positive enthalpy 

values. The positive enthalpy, negative Gibbs free energy, and positive entropy values indicate 

that the interaction is spontaneous, favored, and entropically driven. The interaction of VX with 

Site 2 is thought to be a ligand-exchange mechanism via the phosphorus, but this has not been 

confirmed. Additional studies are required to further understand the interactions of VX and other 

CWAs with environmental matrices.  
 

 The overall average equilibrium binding constant for VX sorption to binding 

Site 1 (apparent ion-exchange mechanism) of a natural montmorillonite clay at temperatures 

above the lower critical temperature was determined to be 25,000 M
–1

, whereas it was 

determined to be 90,400 M
–1

 at temperatures below the lower critical temperature of VX. This 

indicates that the strength of binding of VX to this clay will be ~3.5 times stronger when the 

reaction occurs below ~10 °C. The apparent temperature dependence of binding strength has 

significant implications for fate studies, especially those conducted at lower temperatures. 

Additional studies are required to determine whether this apparent temperature dependence is 

unique to this clay or will occur across a wide range of sample matrices. 
 

 Batch equilibrium sorption isotherms for VX on clay and soil substrates were 

obtained at 298 K, and measured sorption model parameters reported for the first time. Using a 

standard modeling approach, Kd values for one soil were estimated and found to be up to 

138 times higher than the measured value. Using these estimated Kd values will result in 

significant underestimation of the mobility of VX in the soil. Additional studies are required to 

achieve a better understanding of how VX and other CWAs are retained by natural soils.  
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 The sorption of VX to two natural soil substrates was determined to occur rapidly 

and to be initially dominated by a physisorption type of process. When VX reacted with the two 

soils, the interaction was initially net exothermic but became net endothermic as the titration 

proceeded. This is indicative of at least two sorption processes taking place during the titration. 

Additional studies are required to elucidate the other mechanism(s).  

 

 Sorption of VX from dilute aqueous solution to humus and kaolinite was 

determined not to occur. Sorption of MPA and EMPA from dilute aqueous solution to kaolinite 

and two montmorillonites was also determined not to occur. This lack of interaction was 

confirmed by both ITC and kinetic profile experiments. 

 

 The process of sorption of VX onto a natural montmorillonite clay was found to 

preserve the VX, as was demonstrated by quantitative recovery of VX from the clay after 8 days 

of storage at room temperature. In a reported study, an amine was found to be stable for at least 

5 months when sorbed to a natural montmorillonite clay.
111

 In both the current and reported 

studies, the reported stabilities should be considered as the lower limits, because the experiments 

were terminated after 8 days or 5 months, respectively. The process of sorptive preservation of 

VX and other CWAs is not well understood and needs further study.  

 

 The settling rate of a natural montmorillonite clay was significantly affected by 

VX sorption. The settling rate initially increased, then dramatically decreased once the 

Suspengel 200 flocculated. The settling rate increased approximately 1.5-fold during the initial 

phase, then decreased approximately 3-fold once the flocculation occurred. This change in 

settling rate should be accounted for in hazard-transport models. 

 

 The sorptive behavior of VX onto a natural montmorillonite clay was 

significantly different from that of a highly processed montmorillonite clay that is typically used 

as a catalyst in organic synthesis. These catalyst-grade montmorillonites have been used in 

previous environmental fate studies. It is recommended that these catalyst-grade clays not be 

used in future environmental fate studies. 
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ACRONYMS AND ABBREVIATIONS 

 

 

ACS American Chemical Society 

CAS Chemical Abstracts Service 

CASARM  Chemical Agent Standard Analytical Reference Material 

CE capillary electrophoresis 

CEC cation-exchange capacity 

CECA+B  acidic and basic cation-exchange capacity 

CTAB hexadecyltrimethylammonium bromide 

CWA  chemical warfare agent 

ΔCp constant pressure heat capacity change 

ΔG Gibbs free energy change 

ΔHobs  observed enthalpy 

ΔS  entropy change 

DIW deionized water 

DoD U.S. Department of Defense 

Ea  activation energy 

ECBC U.S. Army Edgewood Chemical Biological Center 

EDTA ethylenediaminetetraacetic acid 

EMPA ethyl methylphosphonic acid  

fOC organic carbon fraction 

FSW formulated source water 

GC gas chromatography 

GD soman, pinacolyl methylphosphonofluoridate 

ITC isothermal titration calorimetry 

K partition coefficient 

Kb equilibrium binding constant 

Kd equilibrium dissociation constant 

KOC organic carbon partitioning coefficient 

KOW octanol-water partitioning coefficient 

LC liquid chromatography 

LCT lower consolute temperature  

MES 2-(N-morpholino)ethanesulfonic acid 

MPA methyl phosphonic acid  

MS mass spectrometer or spectrometery 

MSD mass-selective detector 

m/z mass-to-charge ratio 

ND non-detect 

NIST National Institute of Standards and Technology 

NMR nuclear magnetic resonance 

pKa acid dissociation constant 

QC quality control 

R  universal gas constant 

RSH 2-(diisopropyl)aminoethanethiol 

RSR bis(2-diisopropylaminoethyl) sulfide 
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RSSR bis(2-diisopropylaminoethyl) disulfide 

SEM scanning electron micrograph 

SIM selective ion monitoring 

Smax saturation capacity 

SRM standard reference material 

SSD sample standard deviation 

STS substrate-to-solution (ratio) 

t critical value 

t1/2 half-life 

T  absolute temperature 

VX O-ethyl-S-[2-N,N-(diisopropylamino)ethyl]methylphosphonothioate 

VX-bis S,S-bis-(2-diisopropylaminoethyl)methylphosphonodithioate  

VXF VX recovered in dissolved (filtered) fraction 

VXINT average initial VX 

VXREC VX recovered 

VXTOT total amount of VX bound to substrate  

VXUF whole (unfiltered) recovered VX 

 

 



 

 



 

 

 
 


